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SUMMARY

The design and the optimum operation of cooling Jackets for liguid-
cooled engines require an understanding of the heest-~transfer character-
istics of the coolents under the special conditions encountered of high heat
fluxes, relatively high metal temperatures, and apprecieble amounts of
entrained alir in the coolant flow. Owlng to the difficulties of evaluating
these conditions on operating engines, a bench-rig apperatus was designed
which would approximeate engine-jacket conditions, except that the liguid
flow was maintsined uniform around the cylinder in order that the results
could be related to the literature of forced-convection heat treansfer.

This report gives a descrliption of the apparatus and data on water and
methanol.

Results are shown as coolant-film coefficlents of heat transfer;
these are correlated as dimensionless peremeters (Jj-factors) as a function
of Reynolds number. At low metal-well temperatures, that 1s, when the
well-coolant interface temperature ls below the boliling point of the
cooclant under existing pressures, data are 1n close sgreement with the
well-known equetions for heat transfer in round pipes and in annular
spaces. At high metal-wall temperatures, that is, when the interface
temperature 1is &bove the coolant bolling point, locel-beiling effects can
be observed. Heat-transfer rates under the latter conditione are found
to depend primerlly upon the temperature excess of the wall over the liquid
bolling point and upon the velocity of the coolant past the heating
surface. It is shown that, perticulerly at low llquld veloclities, the
heat-transfer coefficient Increases with increasing velues of this
temperature difference, with a maximum increase found of 300 percent.
The effect of entrained air 1s also shown to increase heet-transfer
coefficlents, especially at low liquid velocitles, with a meximum incresse
found of 100 percent. The effect of coolant pressure is merely to increase
the belling polnt and so decrease the temperature excess.

The results of this study have been extended to show the typical
effect of the locel-boiling phenomenon on metel-well temperatures. At
low coclent velocitles excessive metal temperatures would normslly prevail,
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but with low-bolling coclants these temperatures are drastvically reduced.
The effect is even more spectacular for methanol than for water, owing

to the poorer heat-transfer qualities when nonboiling. For the conditions
chosen, wlith a methanol coolant velocity of 1 foot per second, the metal-
wall temperature would run 4500% F- if the coolant boiling point was higher
than the surface temperature; if the coolant boiling point was, say, LOC F
below the surface temperature, the metal temperature would be only 220° F.

INTRODUCTION

Evaluatlion of the fundemental relatlions existing between the rates
of heat transfer and the controlling liguid properties for liquid coolants
in the Jackets of liquid-cooled alrcraft engines is complicated by a lack
of knowledge of the temperature and velocity distributions within the
Jacket, of the phenomena occurring at the metal-liquid interface, of the
effects of coolant pressure and of entrained gases, and of numerous
other variebles which are difficult to control and measure. The present
inability to determine with precision these veriables in a full-scale
engine assembly or single-cylinder rig indicates & need for a sultable
bench-rig apperatus for this purpose. Although the geometrical patterns
of such an epparatus might not necessarily follow those Iin an actusl engine
Jacket, nevertheless much valusble information cen be obtained by a funda-
mental approech to the problem with a simple constructlon permitting
carefully controlled conditions.

A bench-rig epparatus for this purpose should permit an accureate
determination of such factors as coolant velocities, coolant and metal-
wall temperatures, end coolant pressures and be so arranged that various
types of liquid coolants can be studled under similar operating conditions.
It 1s desirable that the metal-coolant interface be open to visual
observation so that effects such as local boiling can be studied. (Local
boiling is defined es that bolling which occurs In the liquid layer
adjacent to a surface, the temperature of which being sbove the boiling
point of the liquid and the main body of the llquid being considerably
below the boiling point.) Means of providing for relatively high heat
fluxes are of prime consideration, and & cholice between slectric, steeam,
or gas-combustlon heating must be considered. Such a choice would be
infiuenced by the degree %o whilch individual resistances to heat transfer
between the heating source and the coolant can be evaluated with certainty.

The present study ls concerned with the effects of local bolling and
entrained gases on the rates of heat transfer at the solid-liguid interface.
Local boiling undoubtedly occurs in the Jackets of liquid-cooled air-
craft engines since portions of the cylinder-wall and head temperatures
are often gbove the boiling polnt of the coolant used. Entralmment of air
or other gases is also likely in coolant systems. It 1s expected that
both local bolling end entralmment of gases would increase the heat-
transfer rate due to increased turbulence.

Ta



NACA TN No. 1498 3

The only mention of locel bolling found in the llterature is that
given in references 1 end 2 in connection with deta in the preheating
section of & boller. In these investigations heat-transfer rates were
obtained two to four times those predicted by empiricel equations for
the warming of liquids. Thie lncreased heat transfer was atiribduted
to "(a) increased turbulence resulting from temporery veaporization in
the superheated film adjacent to the hot well, followed by condensation
in the bulk of the liquid stresm, &nd (b) turbulence resulting from the
surging flow lnside the tubes. " However, in these investigations the

primary interest was the boilling rather than the preheating section, and
no correlation of the preheating data was offered except to show that, in
the case of benzene-oll mixtures, the preheating rate was approximately
twlce the predicted values over a large range.

The present report describes a steam-heated epparatus designed for
the purpose of studying high heat-transfer rates between hot metal
surfaces and coolants in Jackets to fulfill the following purposes:
(1) To permit a check against literature data for normel conditions,
(2) to permit evaluation of the effect of metal temperatures existing
above the bolling point of the ccolant under varying conditions of flow
rate, and (3) to permit determination of the effect of entrained gases.
Data are given end discussed for two coolants, water and methanol.
Entraimment of alr was studled ln the methanol only. The authors grate-
fully acknowledge the assistance of A. Wurster, Andale Ccmpany, Philadelphia,
in designing the heat-exchange unit. B
This work wae conducted at the University of Delaware under the
sponsorehip and with the financial assistance of the National Advisory
Committee for Aeronautics.

SYMBOLS
hg outside area of copper tube including effective heat-transfer area
of flenge, squeare feet
c specific heat of coolant, Btu/(1b)(°F)

Dy outside diameter of copper tube, feet

Dy inside diameter of glass tube, feet

De equivalent diameter of annulus, feet <§2 - Di)
G mass velocity of coolent, pounds/(hr)(sq ft)

H enthalpy of saturated ligquid coolant above 32° F, Btu/pound
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heat-transfer coefficient of coolant film based on Ags
Btu/(hr)(sq £t)(°F)

heet-transfer coefficlent of dirt film based on Ay,
Btu/(hr)(sq £t)(°F)

heat of vaporization of steesm, Btu/pound

J-Tactor, dimensionless (E%c/CG)(Cua/k)2/3(uw/ua)o'15)
thermal conductivity of coolant, Btu/(hr)(ft)(oF)
Prandtl number, dimensionless (Cug,/k)

steam pressure, pounds per square inch absolute

pressure on coolant entering exchanger, pounds per square inch
absolute '

vapor pressure of coolant, pounds per square inch absolute

volume flow rate of saturated air through annulus, cubic feet per hour
heat gained by coolant, Btu/hour -
heat loss to surroundings, Btu/hour "
heat from steem, corrected, Btu/hour

Reynolde number, dimensionless (DgG/ug)

cross-sectional area of annulus, square feet

bolling temperature of cooclant-in exchangef;' oF

average temperasture of coolant in exchanger,

temperature of ccolant entering exchanger, OF

temperature of coolant leaving exchanger, Op
everage temperature of wall-liquid interface,

steem temperature correspending to P, OF

OF

°F

Lse

average temperature of metal wall at thermocouple circle, OF

temperature drop across dirt Film, Cp
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At temperature drop from thermocouples to copper-dirt interface, oF
v linear velocity of coclant in annulus, feet per second

Wo mass flow rate of air, pounds per hour

W mass flow rate of coolant, pounds per hour

Wy flow rate of steam condensate, pounds per hour

n viscosity of coolant, pounds/(hr)(ft)

Hy.  Vviscosity of coolant at %gq, pounds/(hr) (ft)
M viscosity of coolant at ty4, pounds/(hr) (ft)
o] density of coolant, pounds per cubic foot

Pa density of coolant at t.,5, pounds per cubic foot

DESCRIPTION OF AFPARATUS

The test apparatus, although bearing little resemblance to the
geometriceal configuration of the cooling system of a liquid-cooled
internal-combustion engine, was specifically designed to supply fundamental
data on heat-transfer rates at a metael-coolant interface which could
eventually be related to engine cooling performence. For this reason
the experimental exchanger consisted essentially of a thick-walled copper
tube surrounded by a gless Jacket. The coolant, flowing uniformly
upward in the amnnular space, was the heat-transfer medium under
conslderation, while steem condensing inside the copper tube served as
the source of heat.

Heat Exchanger

Details of the heat exchanger proper are shown by the photographs
(figs. 1 and 2). The copper tube, having an outside diameter of 1.660 inches,
&a length of lhu inches, and threaded at each end, was equipped with

steel heads which served to support the ccprer tube and glass Jacket
and to provide for inlet and outlet ports for the liquid coolant.

Steam condensing inside the copper tube served as the heating
medium;, this particular means was selected afzer carelul considerssiom
indicated that neither electric heat nor gas firing would prove as
desirable or convenient For the early experiments. The use of steam
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appeaxrs to combine the more desirable elements of each of the other
types, since 1t 1s easily controlled and permits an independent means
for determining heat-transfer rates. Although the extent to which high
metal-wall temperatureg can be obtained is limited by the steem pressure
available, the effect of high temperature differences between metal
wall and coolant can, in effect; be secured_ through the use of low-
boiling liquids as coolipg medlums.

In order to permit visual observation of the metal-liguid interface
so that effects such as local bolling might be studied, the copper
tube wae Jacketed with a heat-resgisting glass tube of 2-inch ineide
diemeter (nominal size). The latter was held in place with brass glands
bolted ‘o the heads. Synthetlc rubber ring gaskets were used to center
the tube and provide a tight seal up to working pressures of somewhat
over 50 pounds per square lnch. The ends of the glass tube extended
to within 5/16 inch of the inner wall of each head to aid in obtaining
uniform flow of the coolant entering the annulus; uniform flow was
important so that the deta could be compared with literature data on
long annular spaces. An enlargement area 1n the heads served further
to smooth out the flow and afford a more uniform velocity distribution
eround the periphery of the glass tube. For simllar reasons, two

%-inch liguid connections on oppoasite slides of each header were provided.

The annular space was purpossly made esmall (0.34-in. total clearance)

so that relatively high linear velocities past the heating surface could
be maintained at low quentity throughput of the coolant. In this way a
reagsongble temperature rise of the liquid could be obtained to provide
greater precision in evaluation of heat loads.

In order to provide a means for determining individual liquid-film,
heat-transfer coefficients directly, these values being of major importance,
metal temperatures were measured. A number of thermocouples strategically
situated within the metal 1tself, together with a knowledge of metal
thermal conductivity and heat flux, enabled metal surface temperatures
to be computed readily. This, however, requlred that the tube be both
relatively short and thick-walled to accommodate the thermocouples.

The use of copper, with 1ts attendant relatively high thermal conductivity,
compensated in nart for this added thickness.

Four holes 1/8 inch in diemeter were drilled, at 90° intervals,
into each end of the tube to & depth of hz inches. In each of these
wells, two copper-constantan thermocouples were lnserted, one hé inches
deep, the other l% inches deep. In order to keep the Junctions properly

centered in the wells and to reduce the insulating effect of the holes,
the longer thermocouple wires were inserted in short lengths of

“%—inch Dy i%—inch copper tubling carefully fitted into the holes so that-

there was no side play. Sveace was provided for the shorter wires by
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sawing off one side of the small copper tube down to the lé-inch depth.

The holes were not centered in the copper tube (because of the nhreading'*ur_

of the ends) but the center lines are 0.205 and 0.13% inch from the
outside and inslde surfaces, respectively. Thus it was possible to

know with certainty the exact location of the 16 Junctions with respect
to the coolant side of the metal wall and therefore the temperature
distribution around the periphery of the tube as well as along its length.

Average inlet and outlet coolant temperatures were measured by
thermocouples inserted in tees gboubt 12 inches before and after the
headers in the pipe lines entering and leaving the unit. It is believed
that sufficient mixing occcurred in the fluld streams at these points to
insure a proper bulk tempersture reading. Ordinary mercury-in-glass
thermometers were used for control purposes. An autcometic potentiometer
was used to measure the temperatures to a precision of about 0.2° F.

The entlire heat-exchange unlt was soc made that it could be dismantled
easlly and guickly for cleaning the copper and the glass surfaces or
for replacing the gaskets and the glass tube in case of fallure. During
operation the unit was enclosed by a metal screen to provide protection
for the glass tube. Essential dimensions of the apparatus and some
convenient calculation constants are given as follows.

Inside diemeter of copper tube, in. - . . « . . . . « . . . . . . . 0.98
Outside diemeter of copper tube, Dy, im. . . . . . . . . . . . . . 1.66
Inside diameter of glass tube, Do, in. . . . . . . . . . . . . . 2.0
Equivalent diemeter of annulus, Dg, ft - . « « « « . + « « « . 0.029%
Cross-sectionel area of annwlus, S, sg ft . « . . . . . . . . 0.00677
Length of glass tube, in. « « . . « « + & ¢ ¢ ¢« ¢ ¢« ¢ 4 o o o . . .12
Over-all length of copper tube, in. . . . « . « + « « « . « . . . 14.25
Length of copper tube between flanges, in. . . . . . . V. % . . 12.625
Outside surface of copper tube between flanges, sq £t o e . f . 0.457

Auxiliary Apparatus

The general arrangement of the apparatus and interconnecting piping
is shown in figures 3 and 4. Liquid coolent was pumped from the large
storage tank through a l%-inch rotemeter into the heat-transfer unit. A

centrifugal pump having a capacity of 20 gallons per minute at a pressure
of 60 pounds per square inch and powered by a 3-horsepower motor was
employed. TFlow control was maintained by a bypass on the pump, & throttle
valve, and a back-pressure valve. Rates of ligquld flow were determined
by intermittent weighing of the coolant, the rotameter being used sslely
for control purposes to insure that & constant flow rate was meintained
during a run. The hot liquid leaving the heat exchanger was cooled
before welghing or returning to storage in a heat exchanger by using
water from the laboratory supply as coolant. The degree of cd2ling was
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edjusted by means of & bypass around the cooler. A small vent condenser
was provided to reduce vapor.loss at the storage and welgh tenks and
to permit the escepe of air fram the systen.

Steem at a gege pressure of 125 pounds wes avallable so that metal-
wall tempersatures up to 325° F could be obtained. A steem-condensate
reservolir and subcooler were provided as shown in Tigure 4. The
reservoir was provided with a gage-glass so that the location of the
steam~condensate interface could be observed at all times. A small
emount of steam was allowed to escape at the vent valve =so that any
noncondensable gases were removed fram the apparetus. Steam-condensate
rates were determined by collecting a portion for weighing during a
measured period of time, care being taken to adjust the interface
exactly to the same level at the end of the period as at the beginning.
The subcooler insured that none of the condensate flashed on belng let
down to atmospheric pressure.

An enlargement of the steam pipe line immedlately ahead of the
heat exchanger served as an entralmment separator. Any condensate in
this maln was trapped ocut through a bleed line and removed. It is
belleved that this arrangement provided saturated steam at all times for
the unit, thus eliminating the need for determination of-steam quality
during a run. As a large amount of trouble wes caused by dirt in the
gsteem line thet promoted dropwise condensation, a strainer was
instelled shead of the reducing valve, and the entrairment separator .
shead of the heat exchanger was replaced by & cyclone separator. Even
so, it was necessary to flush out the steam side of the heat exchanger
with acetone or methanol to remove olly dirt. The entire apparatus and ;
ell pliping were thoroughly lagged to reduce heat losses to a minimum
end such slight heat loss as dld exist was determined.

For studyling the effect of entrained air in the methanol, air was
supplied by a compressor pump at a pressure which could be held approxi-
mately constant at any deslired value less than 40 pounds per square inch.
The alr was metered by passing 1t through a &-inch rotameter which had

been previously calibrated. From the rotameter, the air passed through
a'é-inch pipe and entered the coolant stream through a tee located about

2 feet ahead of the heat-exchanger unit. The temperature of the air in
the rotameter was read by a thermocouple inserted in a tee immediately
preceding the rotameter, while the pressure was read from a pressure
gage inserted in the alrline immediately following the rotamster. A
needle valve placed in the airline Just before the point of entry into
the cooclant stream permitted the flow of air to be closely regulated.

L3

While runs without air were being made, the coclant clreculating
system was airtight, except for the brief interval of time required
for determination of the mass flow rate. The inlet and outlet of the
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welghing tank were surrounded by cloth rings which served to minimize
the escape of coolant vapor into the alr of the laboratory and also to
prevent ebsorption of atmospheric moilsture by the methanol.

TEST PROCEDURE

~ Water Runs

In the runs in which water was used &s the coolant, the operation
of the apparatus was reletively simple and straightforward. The pump
was started and the water flow rate and back pressure on the heat-
exchanger unit regulated to the desired value by meens of the throttle
valve, pump bypass valve, and back-pressure valve. Heating steam was
turned on, the condensate reservoir vented to remove noncondensable
gases, and a steady flow of cooling water put through the condensate
cooler. The clrculating ccolant slowly rose in temperature to the desired
inlet value, at which time cooling water to the euxiliary coocler was
turned on and the flow rate adjusted.

Readings were then teken and recorded at S5-minute intervals of the
temperatures of the cooclant entering and leaving the heat-transfer
unit, the cooclant leeving the cooler, the cooclant entering the storage
and weighing system, and of the rotameter float position and the steam
pressure. When all readings became constant and thermal equilibrium
appeered to have been abtained, the condensate rate was measured. The
temperatures of the coolant entering and leaving the heat-transfer unit,
of the steam, and of the copper tube (at the 16 points described in
the section entitled 'Heat Exchanger')were then teken and recorded. The
condensate rate wes agaln measured. If steady flow rates and thermal
equilibrium had not prevalled during the course of the foregoing
measurements, slight adjustmente were made where necessery untll a new
equilibrium condition was obtained, at which time all measurements were
repeated.

On completion of the foregolng operations, the coolant flow rate
as indicated by the rotameter was checked by direct weighing. Steam
flow and cooling water to the auxiliary cooler were turned off and the
coolant stream diverted to the weigh tank where a given quantity =~
(about 100 1b, the amount depending on the rate of flow) was accurately
welghed and the time of efflux carefully determined with a stop watch.

During this period the temperature of the coolant at the rotemster was

found to remain essentially constant and equal to its temperature during

the course of the esctual run. The rotameter float position was s&also
carefully observed and any minor deviations from previous settings corrected-
Barcmetric pressure and room temperature were also noted and recorded.
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After an early series of runs had shown that water acted to cause
an oxjde and dirt film on the copper surface, & serles of tests was
made to determine the effect of the addition of small amounts of scme
inhibitor to the water. Experiment showed that the addition of about
0.1 percent by welght of disodium acid phosphate retarded the formation
of rust in the piping system end reduced the rate of deposition of
dirt on the copper tube. Experiment also showed that distilled water
was superlor 1n this respect to the water from the laboratory supply-
As a result of these tests, distilled water with the addition of
0.1 percent of disodium acid phosphate was employed.

In order to evaluate the effect of the dirt film, & series of runs
weas made periodicelly unﬂer as nearly exact conditions of operation as
possible. By assuming a fouling factor" of zero for any run made with
the copper tube newly cleaned, fouling factors could be calculated
by subtracting from the liquid-film resistance for qach of these runs
that for the newly cleaned tube. All the "standard" runs were made at
inlet coolant temperatures around 117° F, heat loads of about
60,000 Btu per hour, and coolant rates of about 16 gallons per minute.

Methanol Rune

The test procedure for runs without entrained air and employing
methanol as coolant was ldenticel with the test procedure used for runs -
with water as coolant. It was found that, in general, equilibrium conditions
were attained more rapidly with methanocl &s coolant than they had been
attained when water was used as the cooling medium. This is & natural ”)
result in view of the lower heat capacity of methanol.

In order to check on the possible formation of & dlrt film on
the coolant side of the copper tube, a standard run was repeated at
regular intervals. In contrast with the effects observed with water,
it was found that the heat-transfer coefficient remained essentially
constant, this fact indicating a negligible formation of dirt film.

As has already been mentioned, the deposition of oilly dirt on the
steam side of the heat exchanger sometimes caused dropwise condensetion
of the steam 1n the form of drops. This condition was easily detected
by means of the resulting high tube—wall temperatures and nonuniform
temperature distributions. Consequently, at the staxrt of each dayt?s
serles of runs, conditions for a standerd run were duplicated. Egquilibrium
was attalned in about % hour, and the tube~wall temperatures were then

guickly read and compared with the known velues for a clean tube. If
they checked, work on the other runs could proceed with confidence; if
they 4id.not check, the rig was shut down and remedial measures taken.
Usually a simple flushing with an organic solvent was sufficlent, but it
was occaslonally necessary to diemantle the heat exchanger and give the
copper tube a thorough cleaning with scouring powder.
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Methenol Runs with Entralned Alr

The effect of entrained air on the heat-transfer properties of the
coolant was studied in the following memmer. A run was first made
without alr, equilibrium being reached and a complete set of readings
teken. On keeping all other vealve settings fixed, the alr valve was
then opened end a smell emount of air allowed to enter the coolent stream.
When a new equilibrium hed been reached, a second complete set of readings
wvas teken, including determinstion of the coolant mass flow rate. This
was then repeated once or twice more for higher eir-flow rates. In
this way, & set of three or four runs was made in which coolant flow
conditions remained essentlially constant except for verying emounts of
entrained air. A total of 6 such sets of runs (including 22 separate
runs) was made, 3 bolling and 3 nonboiling, at high, intermediate, and
low coolant flow rates. The runs of each set were sssigned the seme
geriel number, with letters following to indicate the amount of air.

Determination of Heat Loss to Surroundings

Despite the thorough lagging of all steam and condensate lines,
smell heat losses to the room undoubtedly occurred. A series of blank
runs was therefore made with no flow of coolant through the unit at a
number of steam pressures from 28 to 110 pounds per square inch. The
rate of flow of condensate was cerefully measured over pericds of about
30 minutes and heat losses calculated. These results were plotted as
heat lose in Btu per hour egainst the difference between steam and room
temperatures.

METHOD OF CALCULATION

The method of calculation employed cen best be followed by reference
to tables I, II, and ITI, wherein observed snd celculated data are given
in detall. If e series of readings was teken over & period of time, as
vhen temperatures were read at 5-minute intervals during steady-state
condltions, average values are given.

Heat-Transfer Calculations

Heat-transfer rates and heat belances were computed in a normal
manner. All deta for steam were tsken from the tables of Keenan and
Keyes (reference 3). In the runs with weter, the heat galned by the
coolant was simply calculated from the flow rate and temperature rise
as follows:

Q. = WoC(teo - th (1)
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The use of methenol as a coolant necesslitated a change in the calculation
procedure since the specific heat of methanol varies considerebly with
temperature (in contrast with the specific heat of water, which differs
from unity by less than 0.7 percent over the entire temperature range
from 40° F to 212° F). The heat gained by the methenol was accordingly
calculated from the difference in heat content of the coolant at the inlet
and outlet temperatures as follows:

4 = VWe (%co - Hci) (2)

The heat from the steam gqg,, is taken as the product of the condensate
rate and latent heat of vaporization less heat loss to the surroundings
ag follows:

Qoo ™ wshfg T 9, (3)

Because steam was In contact with condensate below the unit, the condensate
could be expected to leave the reservolr at the boiling polnt. Since

the steam entering the unit was generally dry and saturated, only latent
heat need be considered. The small heat loss qy was obtained from data

obtalned on the blank runs.

The boiling point of the coolant in the annulus of the exchanger 1is
based on readings of the pressure gage located Just upstream of the unit.
The pressure drop across the annulus was generally measured with a water
menometer; this drop was usuelly emall compered with the actual etatic
pressure on the coolant, and no refinement of the bolling temperature
because of pressure drop was made. :

In order to calculate the heat-tranafer coefficient from metal
surface to coolant, 1t—1s necessary to know the average coolant and the
average surface températures. Because of the small temperature difference,
the arlthmetic average of inlet and outlet cooclant temperatures is satis-
factory for the former. The average of the 16 temperatures at the
4 elevations and the k angular positions of the metal wall was found to
glve an excellent approximation of the average itemperatures of the metal
at a depth of 0.205 inch from the coolant surface, as cen be seen by
the examples shown by figures 5 and 6. The average temperature difference
acroes this thicknese of metal was calculaeted from the value of heat
flux and the conductance of the metel, which latter value 1s around
11,000 Btu/(hr)(sq £t)(°F).

In order to teke care of end effects, values of the liquid-film
coefficient h, are based on a corrected outside surface area of the
copper tube. The metal heads conducted a small portion of heat to the

o

<
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coolant, and it was convenlent to correct for this effect by increasing
the value of the heat-transfer surface on which the coefficients are
based. The calculation of the effective increase 1n area is shown in
appendix A by considering the two heads as fins; this increase amounts
to 4.6 percent in the case of water and 9.6 percent in the case of
methanol.

When & dlrt film was known to have built up on the tube surface
over a pericd of time, the resistance of and the temperature drop across
this film were eveluated and a sultable correction applied. The method
of determining this resistance by repeating periodically a so-called
standard run was previously described. A plot of dirt-film resistance
egainst run number gave curves fram which this value could be obtained.
Furthermore, coefficients computed for runs subsequently mede from time
to time on the newly cleaned tube agreed very well, thus Indicating the
validity of this method of approach. Values of the dirt-film
resistance l/hd used in the calculations are gilven as item 16 in
tables I, II, and III. Sources of data used for the physical properties
of methanol are glven in appendix B; a brief summary of the data is given
in table IV.

Alr-Flow Calculetlons

The rotameter used for the metering of air was first calibrated in the
following menner. Known gquantities of air from a calibrated gas-holder
were allowed to pass through the rotameter for several different readings
of the rotemeter, and the times of efflux were recorded. Atmospheric
pressure, air temperature, and pressure drop across the rotameter were
also recorded. From these data, alr densities and volumetric flow
rates corresponding to the varlous readings of the rotameter were computed.
The calibration curve was drawn by plotting as sabscissa the rotamster
readings and as ordinate the product of the actusl flow rate ln cubic feet

per hour and the dimensionless ratio Qa/p& 1/ 2, where p represents
actual alr density and p, represents alr density at some fixed conditions
of temperature and pressure. Thls method of plotting gilves a single

curve which 1s valid over a large range of air density. The actual

velue of p, used 1s clearly lmmaterial, and for convenience the value
0.075 pound per cubic foot, corresponding to air at 20° ¢ and 1 atmosphere
pressure, was used.

In the calculations involving air data, tne density of air passing
through the rotameter was calculated from its observed temperature and
pressure, and its volumetric flow rate was then computed from the

rotameter calibration curve. Values of (é/pé)l varied from 1.40

to 1.7k during actual runs, whereas the value of this ratio during
calibration was 0.985. From the knowledge of the density and volumetric
flow rate of the air through the rotameter, its mass flow rate was

calculated.
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The volume of air passing through the heat exchanger was computed _ .
from knowledge of the pressure and average temperature of the coolant.
Since the bubbles of entrained air were presumably saturated with
methanol vapor by the time they reached the heat exchanger, the volume
of air was corrected for the effect of the vapor pressure of methanol.

Method of Correlation

In order that the heat-transfer coefficiént h, can be correlated

with fluld properties and flow conditlions and also be compared with data
of other investigations, the results were computed as j-factors according
to the egquation

, =<2® C%g)eh G_:Do.lh )

and the Reymolds number

éd
[»]
.t

Fpe = 7~ (5)

a

-

Equation (4) is essentlally that used by Colburn (reference L4) for
correlating heat-transfer data for flulds in round pipes but includes

the power function of the viecosity ratio recommended by Sieder and

Tate (reference 5) to correct for the fluid-film viscosity. The Reynolds
number is based on the equivelent diemeter of the annulus (Do - D

and in this form possesses the advantage of permitting a more direct
comparison of the data obteined for an annulus with the recommended
heat-trensfer relations for flulds in round pipes. Furthermore, Carpenter,
Colburn, Schoenborn, and Wurster (reference 6) have shown that this is
the proper Reynolds number to use in the case of flow through annular
spaces. This method of treatment is convenient also in utilizing

fluid properties evaluated at the average coolant temperature tear

For purposes of further treatment of the data and in particular
to—establish the effect of vaporization of the coolant at the tube
surface, 1t was necessary to know the boiling point—of the coolant -
under existing conditions of operation and the average as well as the
maximum temperature at the coolant-metal interface. The latter values
were computed by subtracting the ,sum of the temperature drops across
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the tube well and dirt film from the average tube-well temperature 4

and are given in tebles I, II, and III as items 21, 18, and 19,
respectively.

DISCUSSION

Heat Balance

Values of the heat lced based on the coolant streasm and on the
steam condensate rate generally agreed very well. Deviations in the
heat balances are shown in tables I, II, and IIT (item 11) for each
run. As can be seen, deviations are wilthin 3 percent for about 60 percent
of all runs and within 5 percent for 85 percent of all runs. Despite
the occasional larger deviations, which doubtless result from the small
coolant temperature rise encountered at high coolant rates, the good
agreement normally obtained serves to emphasize the reliability of the
data secured on this type of rig. T

Tube-Wall Temperature Distribution

The type of temperature distribution obtained from the 16 tube-wall
thermocouples is represented by using polar coordinates in figures 5
end 6. The data shown are for run 59 (water) and run 93 (methanol) and
demonstrate the remarkeble symmetry that cen be obtalned. Similar date
for all runs are given in tebles I, II, and III, wherein the letters A
to D refer to locations vertically from bottom to top and the numbers 1
to 4 to the anguler position around the tube.

The temperature distributions for some of the early runs did not
show as excellent symmetry as the ones lllustrated. This was found,
after extensive tests had been made, to be due to dropwlse condense—
tion of the steam in the form of drops at certaln points on the inmer
tube wall. Initially, & large number of runs was made with lauryl
thiocyansate used as a pramoter of dropwise condensatlon so as Ho
obtain high coefficients on the steem side, but nonuniform condensa—
tlon resulted in such erratic petbterms that its use was discontinued.
By keeping the lnmmer tube surfece and Interconnecting piping scrupulously
cleen and free fram oil £ilms, uniform f£ilm~type condensation was
gecured with resulting uniform and reproducible tube~wall temperature
distributions. It is believed that fllm—wise condensation of steam
exlsted durlng =11 runs reported herein.

In figure 7 average temperastures at & given cross section of the tube
are plotted as functlions of tube length. Terminal temperatures are shown
also for both the coolent (water) and steam, the dashed lines indicating
the trend between end pointe. The small temperature rise of the coolant
compared with the temperature difference between wall and coolant Justifies



16 NACA TR No. 1498

the procedure of determining the mean temperature difference by subtracting
the averesge (of inlet and outlet) coolant temperature from the average

wall temperature (based on the 16 thermocouple readinge and the temper-

ature drop through the metal).

It should be noted that the decreasing wall temperature from top
to bottom is a result of both the increesing thickness of the stesm-
condensate fi1lm and the increese in the coolant-film coefficient. Since
the coolant flowed upward in the tube, the coefficient at the bottom
would be greater than the average value because of turbulence and the
fact that the velocity distribution had not been established. However
the latter effect is relatively small compared with the chenge in the
steem-film resistance. Thus the varieble temperature drop from metal to
coolant is a measure of the variable heat flux, which, as in an engine,
18 greatest at the top and progressively decreases down the cylinder.
For example, in run 59 for which the temperatures are given in figure 7,
with an average heat flux of 60,900 Btu/(hr)(sq £t), the heat flux at
the upper end of the tube 1s estimated as 98,000 Btu/(hr)(sq ft) and at
the lower emnd, 33,000 Btu/(hr)(sg ft). These values are quite representative
of full power conditions of some reciprocating engines.

In figure 8 the distribdbution of t rature with tube length is
shown for low and high cooleant (methanol) flow rates, both with and
without local boiling and/or air entrainment. It 1s seen that the
temperature distributions are roughly linear for high coolant velocities
but deviate quite comsiderably from linearity ‘for low coolant velocities.
This 1is probably due to the effect of free convection. At low flow
rates, the increased mixing of coolent due to convection near the top v
(outlet) of the tube ceuses a more .complete equalization of coolant
temperatures with the result that the top of the tube mey be cooler than
the part lmmedliately below.

el

Nonboiling Data

Inasmuch as the apparetus was designed to give uniform flow of
coolant so as to permit exact comparison of the results with extensive
heat-transfer data from the literature for flow in pipes and in annular
spaces, the data have been correlated by a method permitting such a
comparison. It was expected that, if the data were reliasble, the runs
in which no local boiling occurred would show good asgreement with the
literature. In figure 9 the nonboiling deta, for both water and methanol,
are shown. In case of lamlnar flow through amnull, the use of the
following equation is recommended in reference 6:

) 6%2/3 Cf:)o'lh - 1.86 G§9>-2/3 G’_)_f_najlh (6)

-
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It is seen that the data are somewhat low compared with equation (6)

but this may possibly be due to the effects of free convection.

The data of Jurgenson and Montillon (reference 7) indicate that free
convection forces decrease the heat-transfer coefficient for upward flow.

For turbulent flow in pipes the Seider and Tate equation (refer-
ence %) is (as given by McAdems (reference 8)):

CCF?) C‘EE)Z/?) (ﬁ-":.’ 0.1k - o.007 C,ﬂigjo.e -

while for turbulent flow in annuli Davis (reference 9) recommends

Ci'ckﬂ) - 0.3 Gi_?o.s (@1/3<E>o.1u @j-l’i ®)

It is an interesting coincidence that for the geomeiry invclved in the
present apparatus, the Davis equation reduces to

SIORONEIN

which is equivalent to the Colburn equation (reference 4) with the
Selder and Tate viscosity ratio modification (reference 5). Figure 9
shows that the data fall between equations (7) and (9). It may be noted
that figure 9 1s amnalogous to figure 123 given by Bernardo and Eilan
(reference 10) which provides heat-transfer data for various nonboiling
coolants inside ‘a heated tubej actually the data from the two studies
would practicelly coincide, thus lending support to the general
relation for nonbolling coclants.

It may be noted that the methanol data of the present investigation
in the turbulent reglon fall somewhat higher then the water data. The
fact that this discrepancy occurs in the turbulent and not in the =
laminar region is difficult to understand.

The discrepancy between the correlations of water and methanol data
at high coolant velocities is a matter of relatively minor importence and
in no way affects the validlty of the mein results of this investigation,
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nemely, the effects of local bolling and entrained air on heat-transfer
properties of liguid coolants in annular spaces. It would be expected -
that both local boiling and the presence of entrained air would increase

the rate of heat transfer because of the slightly increased volocity

(for a given coolant flow rate) and increased turbulence. The separate

effects of local bolling and entrained air ere discussed in the following

paragraphs.

Local Bolling without Air

When the metal surface exceeded the bolling peint of the coolant
at the exlsting pressure, even though the bulk temperature of the coolant
was conslderably below the bolling polint, formation of vepor bubbles at
the metal surface could be observed. The bolling phenocmena were clearly
evident, particularly after the tube had been freshly cleaned, and &
brief description is of generel interest. Small bubbles of vapor were
seen to form and cling to the tube wall - then graduelly to be torn
awey to become dissipated in the bulk of the flowlng cooclant stream
(where the temperature was still below the boiling point). On increasing
the pressure on the coolent, bubble formation stopped and the bubbles
remalning were torn away.

When a dirt film had formed on the tube wall end as iouling conditions
increased, it was not possible to observe the metal-liguid interface -
clearly. Veapor bubbles did not appear to form on the metal surface,
however, nor to cling to the wall but were quite vieible in the liquid
stream. As coolant pressure was increased, rate of bubble formation »
decreased and finally ceased altogether.

T

In some runs active boiling was evident only at the upper portion
of the tube, so for this reason maximum values of t335 were computed

for the top portion of the tube and are given in tables I, II, and III.

By adjustment of the pressure on the coolant, e rather sharp line of

demarcation between bolling and nonboiling areas could be made to move

up or down the tube at will. Some nonuniform temperature patterns

obtained are doubtless due to such phenomena. If the temperature excess

of the metal wall over the bolling point of the liquid was smell

(1less than 10° F), only a few bubbles of vapor were formed, and these
disappeared almost the instant they were torn loose from the wall. As

the temperature excess was increased, the rate of bubble formation

increased and the bubbles showed less tendency to diseppeear. The

general appearance of the tube while local bolling was taking plece

was the same for both water and methanol. In this connection the problem

arises as to the parameter that 1s best to use to denote the degree of .
local boiling. As previously noted (see fig. 8) the wall-surface -
temperature increases from bottom to top of the tube so that local

boiling mey occur at the top of the tube even though the averege .
well temperature is below the bolling temperature of the

coolant. Thus the use of the parameter Q’Ii - tbP) might involve
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the use of negative values, cognizence being téken of the fact that
local bo?iing could qQccur at negative values. On the other hand, the
t

use of - would not be a proper measure of average
lpex ~ ' prope ag

conditions. The most exact method would involve plotting the temperature
distribution along the length of the tube and graphicelly determining
the mean excess above the boiljng point_of the cocolent. For the purposes
of this report the quantity (t31 - tbP:) will be used as an approxi-

mation since it allows much simpler and more direct calculation. However
1t should be recognized that negative values do not necessarily mean
that bolling 1e not occurring. The condition for locel boilling is

that t34 be greater than tbp‘

The fact that this local boiling phencmenon increases the heat-
transfer rate markedly under certain conditions can be seen from the
boiling data in figure 10. It will be seen that these are higher the
greater the temperature excess and the lower the Reynolds number. The
effect of the excess of surface temperature over the coolant boiling
point in increasing heat-transfer rate is epproximately the sesme for
both coolants, water and methanol, as can be seen from the values

of (?Zi - tbp) shown adjoining the experimental points. It would be

expected that this effect would be ebout the seme for eny pure coolant,
although possibly not for mixtures. In case of mixtures the evaporation
of a portion of the liguid would increase the bolling point of the
remaining liquid; this might therefore reduce the effect.

In figure 11 the heat-transfer coefficient of water 1s plotted
agalnst the linear coolant velocit%> V. Lines of approximately constant

temperature differences (fzi - tpp) Oof O, 10, 20, and 30° F are

indicated eas parameters. An Ilmportant conclusion is that with low boiling
coolents the heat-transfer rate does not fall off with decreasing velocity
in the engine Jacket to anything like the decrease for high boiling
cooleants.

Figure 12 shows the variation of heat-transfer coefficilent of
methanol with lineer velocity of flow for various velues of the average
temperature excess. In both figures 11 and 12, the curve for nonboiling
data, to the right of V = 1 foot per second, has been drawn as a
straight line of slope 0.8 in accordance with usual heat-transfer data
in turbulent flow, and agreement 1s seen tc be excellent. The methanol
deta are scmewhat more complete than the water data and bring out several
interesting points not discernible from the latter. As in the case of
water, the heat-transfer coefficient 1s seen to increase as the average
temperature excess (Ezi - tbé} increases, though the relative increase

decreases as the velocity of flow increases. Thus, for exemple, a
temperature excess of 10° F increases the heat-transfer coefficient

by 4T percent above the nonboiling value for a flow velocity of 0.5 foot
per second, though a temperature excess of over 30° F is required to
produce the same Ilncrease at the higher flow velocity of 3 feet per second.
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The method of plotting used in figures 11 and 12 is useful only
in determining the effect of veloclty on the rate of heat transfer for
one fluid at a given temperature. Different fluids or even the same
fluid at different temperatures cemnot be compared since the physical
propertles &s well as the velocity influence the rate of heat transfer.
Figure 13, in which the J-factor 1s plotted against the average temperature
excess with Reynolds number as perameter, allows comparison of the methenol
and the water data. Scattering of some of the date in this and the
preceding figures ls probably due to nonuniformity in local boiling
from top to bottom of the tube. Occasionally, bubbles of vapor were
observed at only a portion of the tube surface. It appears that a
sufficlently high temperature excess produces same effect even at high
flow rates. Higher temperature excesses were obtained in using the lower-
boiling methanol as coolant, and it can be seen that the effect of -
increasing the Reynolds number is simply to increase the threshold
velue of the temperature excess required to produce a significant increase
in the heat-transfer coefficient. It will be noted that the thresholad
value of the average temperature excess is lower for water than for
methanol. The reason for this cannot be stated definitely because of
the little that is known of bolling heat trensfer. It is known that the
properties of the liquid and the type of surface influence the rate of
boiling. It may be noted that the criticel value of At (il.e., the
value of At at which the maximum heat flux occurs and sbove which the
flux begins to decrease beceuse of formetion of a film of vapor over
the heating surface) for water boiling at a copper wall is considerably
lower (see reference 8) than that of methanol. This indicates the more
facile formation of vapor bubbles in the case of water and hence explains
the lower threshold values obtained herein.

Figure 13 mey be compared with figure 170 given by McAdams (refer-
ence 8). In the latter figure, J(NR,)O‘Q is plotted against the

temperature excess for heat transfer in the tubes of a forced-circulation
evaporator in which both warming and actuel vaporization toock place.
Instead of the rough differentiation of McAdems between Reynolds numbers
above and below 65,000, it appears that a separate curve for each
Reynolds number 1s obtained even if the curves are brought together at
low values of the temperature excess by multiplying the J-factor

by (NRG)O-Q.

Entrained Air without Lpcal Boilling

When air was introduced into the coolant stream, the air was broken
up into bubbles and more or less evenly distributed throughout the
stream. The slze of the bubbles and the evenness of the distribution
depended on the velocity of coolant flow. Thus, for a Reynolds number
of about 20,000, the bubbles of ailr were small (about 0.5 mm in diam.)
and evenly distributed. A Reynolds number of 10,000 produced bubbles
of slightly larger size, though their distribution was still very

PR
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uniform. When the Reynolds number was decreased to 4000, however, the
flow velocity was insufficient to breek up the elr stream into small
bubbles; the size of the bubbles simply Iincreased as the rate of air
flow was increesed until they had & volume about one-third the volume
of the entire annular space. The distribution of these large bubbles,
while irreguler at any given instant of time, nevertheless was fairly
uniform when averaged over longer intervals of time.

The action of the entrained air in increesing the heat-transfer
coefficlent appearse to be due to & combinetion of two related factors:
(1) increased turbulence, and (2) increased linear velocity of the
coolant for a glven rate of coolant maess flow. The Increased linear
velocity is due to the fact that the entrained alr decreases the average
density of coolant-air mixture, and hence, for a given mass flow rate,
the linear flow rate must increase. Slnce both the increase 1n turbulence
and the increase in linear flow rate are primarily governed by the relative
volume rather than the mass of the entralned air, the data have been
correlated on the basis of the percentage by volume of air (plus
methanol vapor) in the heat exchanger.

As can be seen from figure li, the effect of entrained air is
qualltatively simllar to the effect of local boiling. The increase in
the heat-transfer coefficient is greater for low coolant velocities and
increases with increasing amounts of alr. The velocity of flow used
in figure 14 1s not the actual linear flow rate but rather the flow
rate that would exist 1f there were no ailr and is obtalned by dlviding
the coolant mass flow rate by the density of the coolant. In this way
the greph shows the over-ell effect of the entrained air on the heat-
transfer coefficient; 1f the actual velocity of the mixture were plotted,
only the effect of increased turbulence would show up on the plot, and
the effect of the increased velocity would not be apparent.

Entrained Alr with Local Boiling

When local boiling was taking place, the effect of entrained air
was to increase the heat-transfer coefficient still further, elthough the
emount of this additlonal Increase was considerably less than that caused
by air alone without boiling. This can be seen by & comperison of figures 1k
and 15. In a sense, then, the effects of alr and bolling are complemsntary,
that is, the effects of bolling become less as the amount of air increases,
while the effect of air becomes less as the amount of boiling increases.
Both effects become less as the Reynolds number increases.

The effect of alr on boiling runs is shown in figure 15, where heat-
transfer coefficlents and average temperature excesses are plotted as
functions of the percentage of air for various values of the Reynolds
number. It 1s seen that increasing the amount of entrained air tends
to cool the metel wall and thus lower the average temperature excess,
while at the seme time the heat-transfer coefficlent is increased. Since

a decrease in the average temperature excess would, by itself, tend to
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lower the heat-transfer coefficient, it follows that the effect of the
air in raising the heat-tremsfer coefficient 1s sufficient to outweigh
the effect of lowered temperature excess.

Application to Engine Cooling

Since the important feature in engine work is the wall temperature
rather then heat-transfer rates in themselves, the results of this
investigation have been used to calculate typical values of metal
temperatures with and without local boiling. Figures 16 and 17 have
been prepared for the two values of heat flux of 100,000 and
50,000 Btu/(hr)(sq ft), which are representative of average rates
through the head and the barrel, respectively, of aircraft engines under
full power. The coolant (waters is assumed to be at 190° F and the
curves show the metal temperature as a function of coolant velocity.

If the boiling point of the coolant ie above the metal temperature, the
latter becomes excessive at low coolant velocities, but .if the boiling
roint of the coolant is as much as 30° F below the meteal temperature, the
metal temperature stays reasonably low even at low coolant velocities.

Figure 18 has been prepared, analogous to figures 16 and 17, to
show the cooling effect of the local boiling of methanol. By assuming
a heat flux of 50,000 Btu/(hr)(sq ft) and an averege coolant temperature
of 110° F, average wall temperatures have been calculated on the basis of .
figure 12. The results are comparable with those obtained for water,
when allowance is made for the fact that methanol has a generally lower
heat-transfer coefficient. Because of the generally low heat-transfer »
rates to organic ligquid in forced convection, 1t is to be expected that
other organic coolants would also exhibit large local-boiling effects.

A set of curves could likewise be drawn to show the effect of entrained
alr on the metal-wall temperature. It can be seen from figure 14, for
instance, that a 15-percent volume of entrained air will have roughly
the same effect on the heat-transfer coefficient as an average temperature
excess of 30° F, and a combination of air and boiling could be expected
to show a somewhat greater effect than the same amount of eilther air
or boiling separately, ’

SUMMARY OF RESULTS

An investigation ha. been made of the effect of local boiling and
air entraimuent on temperatures of ligquid-cooled cylinders. Results )
are shown as coolant-film coefficilents of heat transfer; these are -
correlated as dimensionless paremeters ( J-factors) as e function of
Reynolds number. At low metal-wall temperatures, that is, when the wall-
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coolant interface temperature is below the boiling point of the coolant
under existing pressures, data are in close agreement with the well-known
equations for heat tramsfer in round pipes and in annular spaces. At

high metal-wall temperatures, that i1s, when the interface temperature

is above the coolant bolling point, local-bolling effects can be observed.
Heat-transfer rates under the latter conditions are found to depend
primarily upon the temperature excess of the wall over the liquid bolling
point and upon the velocity of the coolant past the heating surface. '
It i1s shown that, particularly at low liquid velocities, the heat-transfer
coefficient increases with increasing values of this temperature difference,
with a maximum increase found of 300 percent. The effect of entrained alr
is also shown to increase heat-transfer coefficients, especlally at low
liguid velocities, with a meximum increase found of 100 percent. The
effect of coolant pressure is merely to increase the boiling point end

8o decreasse the temperature excess.

The results of this study have been extended to show the typical
effect .of the local-boiling phencmenon on metal-wall temperatures. At
low coolant velocities excessive metal temperatures would normally
prevail, but with low-boiling coolants these temperatures are drastically
reduced. The effect is even more spectacular for methanol than for water,
owing to the poorer heat-transfer qualtities when nonbolling. For the
conditions chosen, with a methanol coolant veloclty of 1 foot per second,
the metal-wall temperature would run 400° F if the coolant boiling point
was higher than the surface temperature; if the coolant boiling point
was, say, 40° F below the surface temperature, the metal temperature
would be only 220° F.

University of Delaware
Newark, Del., August 1h, 1947
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APPENDIX A
HEAT~-TRANSFER CORRECTION FOR STEEL HEADS

Consideration of the hest-exchange unit shows that, although the
bulk of the heat tramnsfer to the cooclent is effected through the copper
tube, a portion of the total heat load is transferred by conduction
through the steel heads. This additional transfer of heat is most
conveniently accounted for by an estimation of the extra effective surface
area contributed by each head. By assuming the heads to behave as
parallel-sided circumferential fins, it is possible to calculate-a
suitable fin efficlency fram which the increase in surface area
can be evaluated. For this case the following dimensions are employed:

Area of exposed coppe: tube (outside diem.}, sq@ ft . . . . . . . . 0.457
Fin root radius, ft (0.83 in.) « . « + . . . . o . ... . 0.062
Fin width, w, ft ?l 045 in.) . . s e v e e« . . 0.087
Average fin thickness, t, £t (1_1/16 1n. = o 687 1n,) . . 0.0%72
2 _ 2

Total surface areas of 2 fins, sq ft 242 875) lhh(o 83) ?:) . 0.1232
Effective fin width, w, ft (w + 1/2t = 1.045 + °—2§§7

- 1-389 in-) e+ . « « 0.1157

The fin effectiveness for straight fins, as glven by Blerman
and Pinkel (reference 1ll), may be written:

N = tanh a w'
a w'

where

a = (k)2 for one side of fin

h surface film coefficient

k thermal conductivity

Weter.=- On assuming & heat-transfer coefficient h = 1500 and a
thermal conductivity = 26 (for steel),

1/2
8 = < 1200 = 31.75

6 X 0.0572
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The fin effectiveness then becomes (for straight fins)

n = tanh (31.75)(0.1157)
31.75 x 0.1157

= 0.272

For a clrcular fin this velue 1s corrected by using figure 12 given by
Herper and Brown (reference 12). For a value of Rp/(Rp + w) = 0.375,

a correction (f' = -0.1, epproximately) is found. The corrected
fin effectiveness thus becomes

Neor = 0.172

The extra effective surface = 0.172 X 0.1232 = 0.0212 squere foot,

: 0.0212

or an increase in surface of o5 X 100 = 4.6 percent. The total
corrected effective heat-transfer surface is, then, 0.478 square foot,
equivalent to an effective tube length of 13.2 inches.

Methenol.~- On assuming en average heat-transfer coefficient h = 3500
end proceeding as before,

n= 0.458

)| = 0.358

cor

The extra effective surface = 0.358 X 0.1232 = 0.0kll square foot,
O‘ Ohh'l
X 100 = 9.6 percent. The total
0. 457 Pe
corrected effective heat-transfer surface is 0.501 squere foot,
equivelent to an effective tube length of 13.8 inches.

or an increase in surface of
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APPENDIX B
SOURCES OF PHYSICAL PROPERTIES OF METHANOL

Data on the heat content of liguid. methanol were obtained fram
reference 13. The following formula was given:

BE' = 23.529(9/10)2 + 0.010036(68/10)3 (B1)

where H' 1s the heat content or enthalpy of the saturated liquid

above 0° C expressed in Joules per gram end 6 1s the temperature in °C.
Within the temperature range for 6 from 40° C to 110° C, this formula
agrees with the observed values to within 0.05 joule per gram. If H is
expressed in Btu per pound, the formula becomes

H = 10.1175(8/10) + 0.11107(8/10)2 + 0.0043155(6/10)2 (B2)

If equation (B2) is differentiated and multiplied by 5/9 to convert
Btu/(1b)(°C) to Btu/(1b)(°F), the following equation is obtained:

a

C = 0.56208 + 0.01234(8/10) + 0.0007192(0) (B3)

where C is in Btu/(1b)(°F) but € is still in °C.

An extended graph of equation (B2) permite differences in heat
content to be read with sufficient accuracy for tempersture rises
greater than ebout 3° C or 5° F. For amailer temperature rises, betfer
accuracy is obtained by using equation (B3) to compute the specific
heat at the mean temperature and multiplying this by the temperature
rise to obtain the increase in heat content.

Data on thermal conductlivity of liquid methanol were obtained
from reference 1l4. Variation of conductivity with temperature was found
to be linear over the range 10° C to 50° C and is given by the equation
k' = 0.0005k - 0.00000150t, where t is in ©C and k' is in
calories/(sec)(cm)(°C). If k 1s expressed in Btu/(hr)(ft)(°F) and ¢t
in ©C, the following equation results:
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k = 0.1306 - 0.000363t . (BY4)

Data on viscoslity were obtained chiefly from reference 15. The
logarithm of the viscoslty was plotted againat the reciprocal of the
absolute temperature on rectangular peper, and the points were seen to
faell along a smooth curve, the greatest variation being less then
2 percent. A smooth curve was therefore drawn through these polnts and
viscosities obtained, at intervals of 5° C, from 0° C to 80° C. Second
differences were found to vary but slowly with temperature, so it wes
possible to extrapolate, with reasonsble certainty, up to 1009 C.

By using the calculeted velues of the viscoeity p eand the values
of C and k es given by equations (B3) end (BY4), the Prandtl group
weas calcul7ted. from the definition Npp. = = Cu/k eand a plot made

2/3
of (NPI‘ as a function of temperature. Vapor-pressure data were

teken from references 16 and 17, interpolation being performed by

Plotting logarithm of pressure against reciprocals of sbsolute temperatures.
Data on density were taken from the International Criticel Tables
(reference 15). Variation with temperature was found to be very mneerly
linear in the temperature range 0° C to 90° C. A swmmary of the pertinent
data for liquid methenol is given in table IV.
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0 NACA TN No. 1498
TABLE I.- SUMMARY OF WATER DATA AND RESULTS
Item Run 28 29 30 33 3k
1| W, 8,020 8,210 e 768 8,180
2 | tgoy 116.8 116.8 181.9 183.0 116.2
3 | teo 120.3 120.L 212.9 21k4.6 120.0
b | q 28,050 29,550 24,100 24,400 31,000
5 | We 32.3 32.7 30.9 27.6 32.5
6| P 34.5 34.3 105.9 105.6 34.3
T ta 258.4 258.1 332.0 331.8 258.0
8 | neg 38.6 938.5 884.3 88Ls.5 938.5
9 | ap 730 720 1,275 1,320 660
10 | qgc : 29,620 29,930 26,075 23,080 29,850
11 Deviation in heat balance
(asc - ac)(200)/qec, percent| 5.3 1.3 7.6 =27 -3.9
12 | Temperatures
A-1 1k1.8 141.9 2hb.7 253.3 141.9
A-2 139.3 139.1 2Lk, 7 251.9 1k0.8
A-3 181.3 1b1.4 2u5.7 253.2 1k2.3
A-L 1L49.5 142.9 254.7 252.6 1L0.7
B-1 145.3 146.1 241.5 264.1 14k h
B-2 147.5 148.9 246.8 254.5% 1hs.
B-3 1h46. 3 1k5.5 252.7 254.2 144.6
B-4 148.5 148.0 245.0 256.6 149.3
c-1 160-0 l&-B 2‘-‘-6-2 259’2 16’4.7
c-2 167.1 167.0 251.3 264.2 169.5
c-3 162.4 163.6 249.5 263.7 166.0
C-b 164.5 165.2 251.2 263.7 17x.7
D-1 172.7 173.2 251.5 263.3 171.2
D-2 181.5 180.4 257.7 267.9 17h.3
D-3 17k4.2 177.8 257.1 268.2 176.0
D-4 183.1 18.2 260.7 265.8 17h. 4
13 | bty 157.8 160.1 248.8 259.2 157.1
14 | aay/Ao 58,500 60,300 50,900 49,500 61,700
15 | Aty 5.23 5.39 L. €0 b4 5.52
16 | 1/hg 0 0 0.000006 | 0.0000016 | 0.000020
17 | oty 0 0 0.30 0.79 1.23
18 | t14 152.6 154.7 243.9 253.9 150.3
19 | t33(top) 112.7 183.0 251.3 261.0 167.2
20 | Py 27.4 28.7 15.4 20.2 28.7
21 | tyy 245.1 247.8 21k. k4 228.5 247.8
22 | tem 118.6 118.6 197.4 198.8 116.1
23 | he 1,780 1,720 1,130 126 1,980
24 | o 1,184,000| 1,212,000 | 114,000 113,300 1,208,000
25 | v 5.33 5.46 0.v27 0.523 5. 4L
WSO 14
26 C:— 0.960 0.958 0.964 0.958 0.962
27 (Npr)e/3 2.39 2.39 1.50 1.49 2.40
28 | 3 0.0034€ 0.00326 0.01430 0.01170 0.00378
29 | Nge 25,100 26,000 4,500 &, 500 2¢,, 80

NACA




NACA TN No. 1498

31
TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Continuéd
Item Run 36 37 38 40 L2
1 | W 8,180 758 765 758 2,18
2 | teg 116 1 181.3 181.0 180.3 168.1
3 | teo 119.7 210.5 206.9 203.3 180.3
b | g 29,400 22,250 19,800 17,430 26,600
5 | Wg 31.8 25.4 23.2 .2 30.0
"6 | P 34.3 102.6 10h.4 iok.5 102.8
T |ty 258.1 329.7 331.0 331.0 329.8
8 hfg 938.5 886.0 885.2 885.0 886.0
9.1aqr €90 1,260 1,245 13,375 1,28
10 | qge 29,160 21,290 19,200 18,255 25 300
1) | Deviation in heat balance
(q,sc - q°) (lOO) /q_'c, percent '038 =h. 5 -3'1 k. ] =-5.1
12 Temperatures
A-1 142.6 250.8 254.2 25h.h 225.2
A-2 139.2 247.8 251.0 251.3 221.1
A-3 143.4 251.6 255.1 255.4 227.6
A-L 143.6 252.4 255.3 256.4 228.3
B-1 143.1 257.7 265.1 267.0 231.0
B-2 148.1 254.3 260-6 265.2 239. 6
B-3 ik7.2 261..9 271.3 276.2 240.1
B-i 151.2 259.7 264.6 278.3 243.0
c-1 161.2 262.8 274.3 28.8 259.5
c-2 i76.2 267.3 278.2 283.8 263.8
c-3 163.0 265.2 275.3 282.8 262.1
c-k 168.5 266.7 277.3 285.0 265.0
D-1 183.4 271.8 279.5 286.2 266.8
D-2 182.6 271.1 278.9 286.7 267-9
D-3 180.2: 273.8 281.6 286.9 267.2
D-4 182.7 27h.1 281.0 288.5 268.0
13 | by 159.7 261.8 268.9 27h4.1 248.5%
ik q_av/Ao 59,1400 4k, 300 39,600 36,200 52, 600
15 5.31 k.ol 3.58 3.27 .75
16 l/hd =0 0.000026 | 0.00000%| 0.000008 | 0.000016 | 0.00002k
17 | Aty = O 1.55 0.18 0.32 0.58 1l.26
18 | t14 152.8 257.6 265.0 270.3 2y2.5
19 | ty1(top) 175.5 268.5 276.3 283.3 261.5
20 | Py 26.2 27.4 33.9 38.8 25.h
21 | tpp 242.6 245.2 257.4 265.4 241.0
22 | tea 117.9 195.9 19k.0 191.8 17h.2
23 e 1,760 T40 575 476 T96
2k 1,207,000} 112,000 113,000 111,800 322,000
25 5.43 0.517 0.521 0. 515 1,472
0.1k .
26 ( a) C.959 0.95; 0.946 0.9k 0.943
2
27 @h} & 2.40 1.51 1.53 1.54 1.68
28 | 4 0.00335 0.009%1 .| 0©.00735 0.00616 0.00392
29 | Nge 25,700 L,360 4,330 4,220 10,80

~NACA~




32 NACA TN No. 1498
TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Continued
Item Run 43 Lk 45 46 47
1| we 2,208 2,158 1,766 8,18 5,110
2 |ty 172.1 165.9 185.8 116.1 179.0
3 | teo 185.0 i72.6 201.9 120.0 184.6
L |aqg 28,k 1h,L460 28,430 31,900 28, 600
5 | We 34.5 15.9 32.1 32.0 34.9
6 | P 102.2 33.5 107.5 34.3 100.6
T | te 329.4 256.7 333.1 258.1 328.2
8 heg 886.0 939.0 883.4 938.5 887.3
9 {9 1,300 T00 1,280 630 1,240
10 | qg¢ 29.260 14.190 27,080 29,400 , 660
11 | Deviation in heat balance
(qc - 9c)(100) fage, percent| 2.7 -1.9 -5.0 -8.5 3.6
12 | Temperatures .
A-1 222.1 201.1 243.5 14k4.6 216.1
A-2 217.8 198.8 239.8 140.8 211.7
A-3 223.7 202.0 245.6 145.5 217.1
A=k 225.5 202.7 246.9 1k6.2 218.1
B-1 228.3 207.1 243.6 1k6.9 217.6
B-3 235.1 211.5 2Lk6.1 151.6 223.1
B-4 238.0 210.8 251.5 154.7 226.1
c-1 2k1.3 220.1 248.8 165.1 235.2
c-2 245.6 222.8 255,2 171.0 240.3
c-3 24k.] 221.2 253.7 166.5 237.1
c-4 247.0 224.2 254.5 172.5 242. 4
D-1 254.0 225.6 262.9 184.6 25%.2
D-2 252.3 226.2 261.8 183.5 252.8
D-3 254 .kt 224.6 263.7 182.1 255.1
D-k 254.0 225.9 263.1 18.6 255.7
13 | ty 238.7 21k. 7 251.8 1A1.9 233.0
1k | aa. /A, 58,550 29,050 56,300 61,000 59,100
15 | ofy 5.28° | 2.4 5.08 5. 45 5.32
16 | 1/hg 0.000028| 0.000043 | 0.000037 | 0.0000k1 | 0.000046
17 | ata 1.64 0.96 2.08 2.50 2.72
18 | t11 231.8 211.1 244.6 153.9 225.0
19 tli(top) 246.9 222.0 255.7 175.2 247.0
20 | Py 15.8 20.2 19.1 26.7 19.0
21 ty 215.6 228.5 225.5 243.7 225.2
22 | tok 178.6 169.2 193.8 -118.0 181.8
23 | he 1,135 115 1,142 1,754 1,410
24 |G 326,000 319,000 261,000 1,208,000 | 755,000
25 |v 1.495 1.458 1.202 S 4l 3.46
0.1h4
26 Q‘ﬁD 0.955 0.962 0.959 0.958 0.963
27 @P:)2/3 1.65 1.73 1.52 2.%0 1.6
20 | 3 0.00548 0.0037L 0.00637 0.0033% 0.00292
29 | Bge 11,300 10,3L0 10,020 2%, 700 26,700
A




NACA TN No. 1498

TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Continued
Ttem Run 48 L9 50 Si 52
I | We 5,150 k,190 4,160 4,160 4,160
2§ toe 179.1 189.% 18.1 188.6 187.8
3 | teo 185.4 195.9 195.6 194.8 194.2
k| qc 32,400 27,250 27,040 25,800 26,650
5 | Vs 34k.4 32.4 31.8 31.2 32.8
6lP 100.6 100.2 98.7 100.7 100-7
T | ts 328.2 328.0 326.9 328.3 328.3
8 | hrg 887.L4 887.6 888.4 887.3 887.3
9 !ay 1,260 1,290 1,300 1,290 1,285
10 | q@c 29,290 27,460 26,900 26,360 27,760
11 | Deviation in heat balance
(agc - 2c)(100) /age, percent| -10.6 0.8 -0.5 2.1 h.l
12 | Temperatures
A-1 218.5 228.0 228.0 229.1 227.9
A-2 21%.3 224. 4 .224k.5 225.2 224.2
A-2 220.7 230.3 230.0 230.6 230.6
A-& 222.4 231.0 231.7 232.5 231.8
B-1 220.3 229.9 231.5 232.1 230.2
B-2 225.4 234.0 236.0 236.8 234.7
B-3 225.5 234.2 235.8 237.1 234.8
B-4 228.8 237.7 239.1 2h0. 4 238.2
c-1 239.2 244.8 244.3 250.4 2.8
c-2 242.6 249.3 249.3 25k.3 2k8.9
c-3 240.3 246.9 2h7.2 252.1 2k6.0
c-4 245, 4 251.2 252.2 256.8 251.1
D-1 255.8 259.0 260.3 266.0 259.6
p-2 255.3 257.8 260.5 265.0 258.7
D-3 255.3 258.7 261.3 264.7 259.3
D~k 256.2 258.8 262.1 266.5 259.0
13 | ¢ 234.6 243.8 243. % 246.2 2L2.5
1k | qav/Ao 62,600 55, 500 5k, 700 52,900 55,200
15 | Aty 5. 64 5.00 L.9L L.77 4.98
16 | 1/nhg 0.000051 | 0.000057 | ©0.000062 | 0.000067 | 0.000072
17 | Atg 3.19 3.16 3.39 3.5k 3.94
18 | ¢4 225.8 235.6 235.1 237.9 233.5
19 | t11(top) 246.8 250.4 252.7 257.3 250.2
20 | Py 2.4 17.9 22.3 29.0 17.7
21 | tpp 238.7 222.0 233.8 2L8.4 221.5
22 | tea 182.2 192.6 192.4 191.7 191.0
23 c 1,481 1,335 1,325 1,18 1,340
2k c- 764,000 619,000 614,000 611+ 000 615,000
25 3.51 2.86 2.83 2. 83 2. 83
0.1k
26 ('hD 0.963 0.965 0.965 0.962 0.965
2
27 Q‘n) /3 1.62 1.53 1.54 1.54 1.55
28 13 0.00302 0.00318 0-00321 0.00286 0.00326
29 | Rye 27,100 23,550 23,300 23,200 23,200
NACA




34 NACA TN No. 1498
TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Continued
Ttem Run 53 Sk 56 57 59
1 | W, 8,180 k,170 4,160 8, 660 8,220
2 | test 119.9 189.2 189.3 187.L 116.2
2 1 teo 123.7 195.5 195.7 191.1 119.8
h | q¢ 31,100 26,270 26,600 31,700 29,600
5 | We 33.5 31.0 33.1 36.2 33.2
s |l» 34.9 100.2 101.2 100.6 34.4
T | tg 259.1 328.0 328.7 328.2 258.2
e heg 937.8 887.6 887.0 887.4 938.3
9 |qp 760 1,280 1,290 1,260 690
10 § qgc 30,640 26,180 28,110 30 840 30,410
11 Deviation in heat balance
(2gc - 2c)(100) /age, percent| -1.5 -0.3 5.4 -2.8 2.7
12 | Temperatures
A-1 153.5 231.8 229.2 217.1 1s2.7
A-2 149.h 228.0 225.1 213.0 1%0.1
A-3 156.7 234.2 231.1 219.2 140.2
A-4 157.5 235.8 232.5 220.2 143.0
B-1 153.0 233.5 229.6 215.4 147.8
B-2 158.0 239.0 234.4 219.3 148.6
B-3 157.1 238.6 233.8 219.0 1k9.0
B-4 161.0 242.4 238.1 223.0 150.6
c-1 173.4 252.1 247.3 226.7 165.2
c-3 17h.5 254.1 250.0 232.0 166.2
c-4 179.5 259.5 254.3 237.3 167.9
D-1 190.3 268. 6 262.7 249.5 181.0
D-2 190. 4 267.3 262.7 247.7 18e.9
D-3 187.5 266.5 262.3 249.0 179.7
D=4 187.5 268.0 262.9 249.2 179.8
13 | ty 169.2 248.5 24k.2 229.7 159.5
b | qav/Ao 62,700 53,200 55,500 63,400 €0,900
15 | Aty 5.6 k.80 5.00 5.T1 5.45
16 | 1/hy 0.000078 | 0.000083 [ 0.000094 | 0.000099 | ©
17 | Atg 4.8 L.l 5.21 6.27 0
18 | tqg 158.7 239.3 234.0 217.7 15h.l
19 | t14(top) 178.4 258.4 252,14 236.8 175.4
20 | Py 26.5 35.1 29.2 27.3 27.3
21 | typ 243.3 256.4 248.8 2k5.0 245.0
22 | tem 121.8 192.4 192.5 189.2 118.0
23 he 1,755 1,170 1,380 2,300 1,740
2k 1,208,000 | 616,000 615,000 1,279,004 1,21%,000
2= S.44 2.8 2.83 5.88 5.47
0.1k
6 (&D 0.958 0.962 0.966 0.975 0.958
2
27 (Nl,r /3 2.33 1.53 1.53 1.56 2.40
28 0.00324 0.00280 0.00331 0.002T4 0.00329
29 NRe 26,700 23,L00 23,400 k7,500 25,800
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NACA TN No. 1498 35
TABLE I.~ SUMMARY OF WATER DATA AND RESULTS - Continued
Ttem Run 60 6 63 6 6
1 |w, 8,18 8,180 37 kh7 8,140
2 |ty 117.0 116.9 105.1 107-6 116.8
3 | teo 120.5 120.9 "} 1%0.0 18&.1 120.8
b | qe 28, 600 32,700 15,240 32,850 32,560
5 | Vs 34.6 37-8 17.3 38.9 38.3
6 |® 3k.5 34.5 3b.L 68.2 3.3
7 | tg 258.4 258.4 258.2 301.2 257.8
8 heg 939.8 939.8 939.9 909.3 940.2
9 |aq €90 €90 690 1,060 780
10 q-c 31,810 3‘#,810 15,515‘0 3)"‘,31"0 35!220
11 Devietion in heat balance
(2gc - 2c)(100) /agc, percent | 10.2 6.1 1.9 4.3 7-6
12 | Temperatures
A-1 143.2 148.4 220.7 259.7 169.1
A-2 141.2 145.2 224.5 259.2 154.3
A-3 140.9 i45.1 219.3 255.4 155.4
A-L 142.8 148.7 21L.1 250.3 161.6
B-1 147.6 1k8.0 218.1 239.9 148.6
B-2 148.1 1k9.0 219.4 2ho. 4 149.5
B-3 148.6 149.3 219.4 239.54 1k9.7
B-k4 150.2 150. 4 218.9 240.4 149.4
c-1 164.7 165.8 246.8 258.7 162.8
c-2 174.6 178.6 250. 6 27h.1 169.2
c-3 165.4 167.6 247.2 263.8 166.1
c-4 167.4 167.4 246.8 26414 165.7
D-1 192.6 203.6 241.2 259.7 196.9
D-2 198.5 211.1 242.2 266.0 199.7
D-3 188.2 212.1 245.0 270.9 203.0
D-4 181.0 210.2 242.8 264.1 192.0
13 | ty 1.2 168.8 230.6 256.5 168.3
1k | Qav/8o 62,000 69,200 31,290 68,200 9,500
15 | at 5.5 6.2 2.8 6.16 6.23
16 | 1/8, 0.00001 | 0.00002 | 0.00003 | ©0.0000% | o
17 | Aty 0.6 1.4 0.9 2.7 0
18 | tq3 156.1 16L..2 226.9 2L7.6 162.1
19 | t33(top) 184.0 201.6 239.1 256.3 191.7
20 | Py 27.6 28.2 15.9 16.6 26.3
2L | tyy 245.6 246.8 216.0 218.2 242.9
22 | tca 118.8 118.9 122.6 hkh.L 118.8
23 | he 1,720 1,650 308 682 1,660
24 |eo 1,208,000] 1,208,000 | 64,600 66,000 1,203,000
25 | v 5. 44 5. 404 0.291 0. 299 5.42
0.14
26 (H) 0.957 0.952 0.901 0.911 0.951
27 (@2/3 2.38 2.38 2.32 2.01 2.38
28 | 4 0.0032L C.00318 0. 00999 0.01891 0.00312
29 | N, 25,950 25,970 1,438 1,772 25,840




36 NACA TN No. 1498
TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Continued
T
Item Run 66 67 68 TL T4
1 |w, 8,140 166 488 8,180 8,120
2 |ty 116.0 1h1.h 91.8 116.3 115.2
3 | teo 119.3 167.6 117.9 120.2 118.8
4 |ag 26,860 12,210 12,740 31,900 29,230
5 | We 33.9 13.7 1u.o 34.6 33.9
6 | P 3h.h 35. 4 24.7 L. 4 3.5
T | te 258.2 259.9 239.4 258.2 258. 14
8 hey 939.9 938.7 952.6 939.9 939.8
9 qL T20 760 580 T20 T00
10 31,080 12,100 12,790 31,780 31,150
1l Deviation in heat balance
(aac - ac)(100) /agc, percent| 13.6 ~0.9 0.4 -0.k 6.2
12 | Temperatures
A-1 1Lh.3 219.9 194.5 151.2 139.7
A-2 14k.3 217.5 190.6 147.9 140.5
A-3 142.2 215.7 187.8 148.6 140.3
A-L 143. 4 218.2 191.1 157.5 14l.1
B-1 147.2 226.0 201.6 149.1 146.6
B-2 148. 4 226.3 202.0 150.1 47.7
B-3 148.3 226.3 201.7 149. 4 147.6
B-4 148.8 226.6 201.7 150.2 149.0
c-1 163.0 234.5 217.7 163.8 162.7
c-2 167.2 235.6 218.5 168.8 166.1
Cc-3 163.8 236.2 217.8 164.4 163.6
c-L 165.5 236.5 218.4 166.8 166.5
D-1 180.8 235.1 220.5 183.4 180.0
D-2 180.7 235.6 220.5° 183.0 181.5
D-3 178.4 236.0 219.8 181.6 i&.2
D-k 177.5 236.6 220.7 180.3 177-6
13 | ty 159.0 228.9 207.8 162.3 158.2
1k | qav/Ao 58, 800 24,660 25,880 64,600 61,200
15 | At 5.26 2.22 2.32 5.78 5.48
16 |1/8, 0.000008 | 0.000012 | 0.000026 | 0.000024 | 0
17 | Aty 0.47 0.30 0.41 1.55 0
18 | 1 153.3 226. 4 205.1 155.0 152.7
19 | ty4(top) 173.7 233.3 217.7 17s.8 174.6
20 | Py 26.5 15.8 15.5 26.6 27.3
21 top 243.3 215.6 214.6 243.5 245.0
22 | teq 117.6 154.5 104.8 118.2 117.0
23 | h, 1,700 354 266 1,88 1,770
2k |6 1,203,000} 68,800 2,000 1,208,000] 1,200,000
25 |v . 5.0 0.313 0.323 5. 44 5. 47
0¢l [l
26 G—D 0.958. 0.936 0.895 0.957 0.958
27 (Nh)«?h 2.41 1.88 2.65 2.40 2.12
28 | 3 0.00326 0.00905 0.00876 0.00345 0.00342
29 | Mg, 25,560 2,000 1,348 25,800 25,3%
A
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TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Concluded
Ttem Run 15 76 17 78 9
1l IWe 454 502 1,137 740 1,572
2 |ty 90. 7 87-5 93.9 8.7 1k0.9
3 ] teo iko.7 13.7 110.3 108.6 151.6
b |ae 22,700 12,150 18,630 12,980 16,820
5 | Wg 25.5 13.1 20.6 15.2 18.5
6§ |lp éL.2 21.6 .6 28.5 33-5
T | tee 29Lk.0 232.1 258.6 236.7 256.7
8 |brg 91k.5 957. 4 939.6 95h. 4 940.9
9 |qg 1,020 L60 700 500 680
10 | acs 22,280 12,040 18,620 1h,020 16,730
11 | Deviation in heat balance ' _
(age - 2c)(109) fage, percent| -1.9 -0.9 -0.1 0-3 -0.%
12 | Temperatures
A-1 192.9 166.5 162.0 15829 183.4
A-2 19k4.9 167.6 164.3 160.9 185.8
4-3 194.9 167.6 164.6 161.1 185.9
h-b 158.9 17%.1 167-7 164.8 187.4
B-1 221.5 193.7 193.L 189.2 202.7
B-2 222.4 195. 197.0 i91.3 206.6
B-3 222.9 194.5 198.8 191.h 207.1
B-k 223.3 194.8 195.8 190.9 206.9
c-1 24k.3 212.3 226.9 216.3 236.7
c-2 245.8 213.4 238.1 223.9 2hk.7
c-3 245.5 213.5 237.5 224.5 2h5.0
c-s 2L46.5 213.7 230.5 221.0 239.2
D-1 249.1 214.2 225.0 21=.9 227.1
D-2 255.1 217.6 232.9 220.5 234.5
D-3 268.5 221.7 242,2 205.7 2h1.5
D~k 250.4 21h.6 228.2 217.6 228.6
13 | ter 229.8 198.2 206.4 198. 4 216.4L
1k |, /R0 L5, 600 24,540 37,770 28,400 34,030
15 | af, k.11 2.20 3.39 2.5 3.06
16 |1/hg 0.000008 | 0.000012 | 0.0000L6 | 0.000020 | 0.000024
17 | atg 0.36 c.29 0.60 0.5T7. 0.8
18 |tyy 225.3 195.7 202.4 195. 3 212.5
19 | t13(top) 251.3 214.5 228.1 216.8 229.0
20 | Py 16.0 16.0 31.5 28.5 33.6
21 | tpp 216.3 216.2 253.2 24 7.4 256.9
22 | tea 115.7 99.8 102.1 99.2 1h6.2
23 Be k30 26k 4 288.5 205.6 529
2k 67,100 Th,150 168,000 109,300 232,000
25 0.1k 0.302 0.333 0.753 0.490 1.05
26 C’D 0.8 0.%96 0.8%k 0.896 0.937
27 g 2/3 2.1k 2.77 2.71 2.77 1.99
28 0.01400 0. 00880 0.00560 0.00693 . 00426
29 |Ng, 1, k00 1,313 3,060 1,936 6,320




38 NACA TN No, 1498
TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS
Ttem Run a1 83 85 86 87
1 wc 5’&0 5:960 3)1""6 19792 l 786
2 | tes 8.7 88.6 8.1 75.1 73 1
3 | teo 91.0 94.9 88.6 84.9 83.2
b |qg 22,100 22,930 14,250 10,550 10,780
5 |Wg 26.20 25.80. 15.82 1.6 11.77
6 |Pp 25.6 25.9 k.7 k.7 14.8
T | ta 2h1. 4 242.0 212.0 212.0 212.3
8 heg 951.2 950. 8 970.2 970.2 970.0
9 lag 600 550 340 550 530
10 | age 24,300 23,980 14,990 10,710 10,880
11 Deviation in heat balance
(age - 9c)(100) fagc, percentf 9.1 h.3 4.9 1.5 0.9
12 | Temperatures
A=l 140.3 143.5 143.8 15k.6 i54.1
A-2 139.8 142.9 143.2 153.6 153.3
A-3 135.8 139.0 139.0 150.2 149.6
A-L 138.6 ik2. 4 143.8 154.9 154.%
B-1 157.9 160.7 165.0 179.6 179.6
B-3 158 4 iaL.2 165.6 180.3 180.5
B-4 158.5 161.2 165.2 179.2 179.6
c-3 177.3 2179.1 179.0 194.4 19l+ 3
Cc-4 179.7 181..8 180.0 19%4.2 194.°3
D-1 191.1 19k.0 181.0 188.6 188.4
D-2 188.2 190.6 180.3 188.8 18.2
D-3 186.8 189.3 179.6 188.L- 188.7
D=4 185.2 187.8 178.0 186.6 186.17
i3 |ty 165.9 168.6 166.8 178.9 178.8
1k | qay/Ao 47,100 47,600 29,660 21,570 21,970
15 | Oty k.22 k.26 i.31 1.93 1.97
16 |1/hg
17 | Aty
18 | ty4 161.7 16k.3 165.5 177.0 176.8
19 | tz4(top) 183.6 186.1 178. 4 192.2 192.2
20 | Py 31.5 30.0 41.8 40.8 48.4
21 t-bp 186.0 183.4 200.9 199.6 209.1
22 |t.p 87.8 91.8 84.8 80.0 78.2
23 {hg 7 645 362 218 219
ok |¢° 859,000 881,000 465,000 265,000 263, 600
25 |V L.90 5.04 2.65 1.50 1.49
0.14
26 C5'> 0.931 0.932 0.924 0.911 0.909
27 | (er) 2/3 3.391 3.350 3.422 3.475 3.496
28 |3 0.00387 0.00374 0.00406 0.00435 0.00442
29 |Mge 20,560 21,720 10,860 5,970 3,850

"\Jj‘é’CA




NACA TN No. 1498 .

TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued

.39

Item Run 90 91 93
1| we 1,050 8,570 8,730
2 | teg 5.6 92.8 99.3
3| teo 88.L4 97.7 104.0
b | qq 8,085 25,800 25,440
5 | Wg 8.90 28.60 27.84
6 | P 14.9 26.3 26.1
T | tg 212.7 242.9 24214
8 hrg 969.7 950.3 930. 6
9 |aqp 530 680 700

10 Qgc 81095 26’520 25’750
11 Deviation in heat balance
(agc - 9,)(100) /a,., percent 0.1 2.7 1.2
12 | Temperatures
A-1 ) 165.6 138.6 142.9
A-2 165.1 138.5 1h2.7
A=3 162.1 13%4.0 138.4
A-L 166.7 136.8 1h1.h
B-1 190.0 149.8 154.3
B-2 1931.3 152.1 155.5
B-3 190.8 151.6 154.8
B-L 18.9 152.0 15k.8
c-1 201.2 171.9 173.7
c-2 202.5 173.8 175.3
Cc-3 202.1 165.9 171.9 .
c-b 202.1 173-3 17%.9
D-1 169-3 188.2 189.5
D-2 196.4 185.5 186.4
D-3 196.6 182.8 184.3
D-L 194.9 181.0 182.1
13 |ty 188.3 161.2 164.0
1k qav/Ao 16,430 53,000 51,900
15 1. l+7 Loy L. 64
16 J./HdL
17 A‘bd
18 | t1g 186.8 156.5 159.4
19 | vy3(top) 200.5 179.7 181.0
20 { Py 48.8 39.0 37.5
21 |ty 209.6 197.2 195.1
22 | tep &.0 95.2 101.6
23 | hg 154.8 850 8&e
2k |e 155,000 1,267,000 1,290,000
25 |V 0.8"{9 7.26 T.42
N0+ 14
26 ;T! 0.905 0.942 0.946
27 gnpl) 2/3 3.452 2.318 3.260
28 0.00%16 0.00342 0.00340
29 | NRe 3,580 32,100 34,200




40 NACA TN No. 1498
TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Ttem Run 94 95 96 98 99
1] v k23 5,930 5,930 5,930 L22
2 |ty 100.0 86.9 86.8 89.5 100.5
3 { teo 118.8 g2.1 Q1.2 96.2 119.2
L | q¢ 4,890 18, 800 15,830 24,240 L,960
5 | Wg 5.68 19. 47 15.99 26.35 5. T2
6ip 14.9 14.9 14.8 27.1 ik.8
T1 tg 212.7 212.7 212. 4 244.5 212.4
8 | hpg - 970.0 970.0 969.9 9u3.2 969.9
91 az 540 540 510 520
10 | qg¢ 4,960 18,350 15,010 24,310 5,030
11 | Deviation of heat balance
(amc = 9¢)(200) /g, 1.L -2.5 -5.5 0-3 1.k
12 | Temperatures
A-1 184.6 129.6 100.6 145.8 185 o
A-L 185.1 129.2 102.8 k.0 165.6
B-1 200.7 146.5 138.3 163.4 201.1
B-2 201. % 147.6 140.8 164.8 201.5
B-3 201.2 147.0 139.5 163.6 201.2
B-L 200.7 147.0 138.4 163.6 200.7
.C'l 20507 1&09 159-9 183014- 205-8
c-2 206.5 163.8 1614 185.0 206.7
c-3 206.7 161.6 159.k 182.3 206.7
c-h 206.7 163.8 161.3 185.2 206.7
D-1 201.3 1.7 170.9 196.5 201.1
D-2 201.9 171..0 169.1 193.5 20.9
D-3 202.6 169.3 169.2 191.1 202.6
D-4 201.7 167.9 167.7 190.8 201.5
13 | ty 198.4 152.3 142.5 171.1 198.4
1k | qav/Ao 9,990 37,700 31,270 49,250 | 10,130
15 | Aty 0.90 3.37 2.8 h.oh 0.91
16 | 1/h4
17 Oty
18 | t11 197.5 148.9 139.7 166.7 197.5
19 | t71(top) 205.5 167.3 166.% 188.6 205.6
20 | 1p 51.2 3b. L 37.9 38.8 50.9
21 | typ 212.6 190.6 195.7 196.9 212.3
22 | toa 109.4 8.5 8.0 92.8 109.8
23 | he 1.7 625 606 655 113.6
2L a 62,500 879,000 876,000 875,000 62,300
25 X 0. 362 5.02 4.99 5.00 0.360
o 1
26 0.92k 0.943 0.950 0.931 0.924
2
27 /3 3.195 3.375 3.378 3.341 3.191
28 0. 00840 0.00372 0.00366 ©.00380 0.00856
29 NRe 1,756 21,300 21,150 21,750 1,756
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TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Item Run 100 101 103 104 105
1 | We 6,140 5,970 6,000 k26 426
2 | teq 8k.7 8:.8 86.5 100.0 99.5
3 | teo 61.2 91.3 92.6 118.8 123.6
b | aqe 24,200 23,560 22,250 5,030 6,460
5 | Wg 26.13 25.23 25.88 5.5T 6.99
6 |P 26.7 26.7 26.4 1k.9 15.0
T | tg 243.7 243.7 243.1 212.7 213.0
8 heg 9Lg9.7 9k9.7 950.2 969.6 969.4
9 | ag 640 o 660 500 530
10 ! qge 24,160 23,350 23,940 4,80 6,240
11 | Deviation in heat balance
(agc - ac)(100) /age, percent | -0.2 -0.9 7.1 -2.9 -3.5
12 | Temperaturee
A-1 139.5 139.3 139.8 183.4 18h.1
A-2 139.6 139.7 136.9 181.6 182.3
A=3 135.1 135.0 140.0 18%.5 185.2
A-Lk 137.5 137-.3 139.9 18k.1 185.0
B-1 157.1 156.6 159.1 200.8 201.4
B-2 158.8 159.6 160.7 201.7 202.1
B-3 158.4 158.6 160.0 200-8 201.6
B-k 156.9 156.6 160.7 200.8 201.6
c-1 177.3 171.6 177.8 210.4 209.5
c-2 184.2 179.4 178.7 211.1 210.2
c-3 179.4 178.2 180.9 205.5 208.5
c-k 17%.0 172.5 183.4 210.2 209.5
D-1 179-6 179.6 18%.0 202.1 199.6
D-2 184k.5 183.7 183.2 202.8 200.1
D-3 191.3 192.6 187.7 202.8 200.4
D-k 17%.9 175.3 182.6 201.2 198.7
13 |ty 164.2 163.4 166.0 199.2 158.8
1% | aav/Ao 49,050 47,600 46,800 10,060 12,88
15 | Oty 4.39 4.26 4.19 0.90 1.16
16 | 1/ng
17 Atd_
18 | ty1 159.8 159.1 161.8 198.3 197.6
19 | t71(top) 178.2 178.5 180.4 209.4 208.2
20 | Py 37.-4 37.6 8.1 42.0 37.8
21 tbp 195.0 185.2 196.0 201.1 195.5
22 | tom 88.0 88.0 8.6 109.4 111.6
23 | he e 659 636 11.3 147.8
24 |G 907,000 882,000 886,000 62,900 62,900
25 |V 5.18 5.02 5.06 0. 361+ o.36h
O.1h
26 ( 0.932 0.933 0.932 0.923 0.925
27 (Npr)z/ 3 3.389 3.388 3. 37k 3.193 3.176
28 13 0-00386 0.003886 0.00372 0.0¢830 0.0109
29 | Nge 21,Tko 21,150 21,500 1,770 1,793

~NACA -~




42 NACA TN No. 1498
TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Item Run 106 107 108 109 110
1 | we 426 426 27 426 425
3 | teo 125.5 123.3 127 o} 13h 8 138.7
L 1qg 7,080 6,260 7,390 9,440 10,490
5 [ Wg T.T0 6. 80 T.97 1c.12 11.38
6 | P 15.0 15.0 15.0 15.0 15.0
7 | tg 213.0 213.0 213.0 213.0 213.0
8 | heg 969.5 969.5 969.5 969:5 960.5
9 |9 530 530 30 230 530
10 | qgc 6,930 6,060 7,200 9,290 10,500
11 Deviation in heat balance
(age - 2c)(100) /qgc, percent | -2.2 ~3.3 -2.6 -1.6 0.1
12 | Temperatures
A-1 183.2 183.4 183.2 182.1 180.0
A-2 18.4 181.8 181.6 180.1 178.2
A-l4 18k.1 184.3 184.1 182 8 180.4
B-1 200.3 200.8 199.9 195.3 190.0
B-2 201.0 201.6 199.2 192.7 188.9
B"a 200!5 201'0 199-3 19209 188v6
Bk 200.7 201.0 200.2 195.1 189.5
c-1 207.8 209.5 208.2 204. 4 203.5
c-2 208.9 210.0 207.6 206.9 205.9
c-4 207.9 208.7 207.1 20k. 4 203.2
D-1 198.2 197.2 197.6 195.8 194.2
D-2 298.9 197.3 197.6 195.9 19k.2
D-3 199.1 197.7 198. 4 197.2 195. 4
D-4 197.2 195.9 196.3 195.0 193.6
13 | tw 197.5 197.7 197.0 194.1 191.7
1k | qgy/A, 14,200 12,500 14,810 18,990 21,300
15 | At 1.28 1.12 1. 33 1.70 1.91
16 | 1/8,
X7 Atd
18 | 4y 196.2 196.6 195.7 192.4 180.8
19 | t;;(top) 206.5 208.1 206.1 202.9 201.5
20 | Py 3L.3 31.7 28.4 25.6 22.6
21 | tpp 190.% . | 186.3 1680.5 175.1 168.9
22 | t,, 112.4 1.6 113.3 117.4 119.%
23 hc 166.8 145.2 176.3 - 248.5 298.6
24 62,900 62,900 63,100 62,900 62,800
25 X 0.364 0.364 0.366 0. 366 0.366
0.1
26 CD 0.928 0.926 0.929 0.935 0.939
2 .
27 g /3 3.169 3.175 3.160 3.129 3.115
28 0.01254 0.0107Th 0.01300 0.01820 0.02170

TNACAT
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TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Ttem Run 111 113 114 15 116
1l | We 423 5,960 i3k 428 Lok
2 | toy 100.2 8i.9 101.5 101.0 102.0
2 | teo 143.5 91.4 137.8 142.9 15C.9
b | q 11,760 23,530 10,080 11,510 12,790
5 | Ws 12.62 26.40 10.52 12.28 13.86
6P 15.0 26.9 1k.8 2h.7 24.8
T 1 ts 213.0 24y, 2 212.3 239.4 239.6
8 | hyg 969.5 9h9. 4 970.0 952.6 952. 4
9 | q 530 670 480 600 630
10 | 9gc 11,710 24,390 9,720 11,100 12,570
11 | Deviation in heat balance
(agc - ) (100) fage, percent |-0.L 3.5 -3-7 -3.7 -1.8
12 | Temperatures
A-1 178.0 139.5 178.7 199.9 195.8
A-2 176- 4% 136.6 177.2 197.8 194.0
A-3 178.0 139.8 178.5 199.6 195.4
A-L 178.2 140.7 178.9 199.8 195.9
B-1 185.2 160.0 185.5 210.9 20L.1
B-2 185.4 161.4 185.7 209.1 204.1
B-3 185.2 160.7 185.7 207.3 203.7
B-L4 185.9 16L.4 186.4 207.9 204.3
c-1 202.4 178.7 191.8 214.2 210.2
c-2 205.2 179.8 19h.1 215.2 211.1
c-3 200.0 181.2 192.7 21k.7 210.6
c-h 202.1 184.3 193.0 215.6 211.6
D-1 192.7 183.6 192.4 216.0 212.4
D-2 192.6 183.6 192.3 215.8 212.0
D-3 19k. 4 187.2 194.0 216. 213.3
D-k 192.0 183. L4 191.8 214.9 211.6
13 | ty 189.6 166.4 187.4 209.7 205.6
1k | agv/Ao 23,810 49,300 20,230 22,960 25,720
15 | At 2.14 L.kl 1.8 2. 06 2.31
16 | 1/hg
17 Atd_
18 | ty4 187.5 162.0 185.6 207.6 203.3
19 | t34(cop) 200.3 180.1 191.1 213.7 210.0
20 | By 19.7 39.3 19.2 3h.1 28.1
21 | thy 162.1 197.7 16L.0 190.2 179.-9
22 | ten 121.8 88.2 119.6 122.0 126. 4
23 | hg 356. 4 656 302.8 264.0 330.0
24 ¢ 62,500 881,000 64,100 63,200 59,600
25 | v | 0.364 5.03 0.373 0.369 0.349
0.1k
26 Cﬁ; 0.942 0-930 0.942 0.928 0.936
&1 @992/3 3-097 3-286 3.114 2.09% 3.064
28 | 3 0.02600 0.00386 | 0.0216 0.0187 0.0246
29 | Nge 1,91k 21,160 1,932 1,5L2 1,887




44 NACA TN No. 1498
TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Item Run 118 121 122 123
1w, 396 1,048 1,043 1,047
2 | et 101.3 97.2 974 98.3
3 | teo 155.8 117.9 116.2 11k.9
b lq, 14,020 13,590 12,290 10,870
5 | wg 15.87 15.32 14.37 12.23
6 | P 24k.5 26.6 26.4 26.5
T tg 239.0 243.5 243.0 243.3
8 | heg 852.9 949.8 950,21 943.9
9 | qp 630 660 650 650
10 | qg¢ 14,490 13,890 13,000 10,970
11 | Deviation in heat balance
(age - 9c)(100) fagc, percent 3.2 2.2 5.5 0.9
12 | Temperatures
A=l 189.0 190.0 190.5 192.4
A-2 187.0 187.2 187.7 189.7
A=3 188.4 150.8 191.5 163.6
A-4 189.1 191.3 191.8 193.8
B-1 195.8 207.7 211.1 217.0
B-2 195.8 206.8 211.1 218.3
B-3 195.8 206.6 210.2 217.9
B-4 166.7 210.7 211.6 217.9
c-1 204.1 211.5 214.7 219.9
c-2 20L4.8 212.5 215.6 220.%
c-3 204.8 212.0 215.8 220.3
c-k 205.7 213.1 216.3 222.4
D-1 206. 4 210.2 212.4 216.3
D-2 206.1 210.2 212.5 216.9
D-3 208.2 211.3 213.4 216.9
D~k 205.2 210.4 212.7 216.1
13 | ty 199.0 205.2 207.5 211.9
1k | qav/Ag 28,920 27,900 25, 640 22,160
15 | At 2.60 2.50 2.30 1.99
16 | 1/8,
17 Aty
18 | tyy 196. 4 202.7 205.2 209.9
19 | ty5(top) 203.9 209.8 213.3 218.8
20 | Py 20.2 29.0 33.9 Lo.2
21 | typ 163.2 18.6 189.8 198.8
22 | tom 128.6 107.6 106.8 106.6
23 | h TN 288.6 256.8 211.4
2L | ¢ 58,500 154,800 154,100 154,700
25 v 0-343 C. 8L 0.88 0. 893
L0+ 11
28 ;—D 0.9u42 0.919 0.916 0.913
2/3
27 (Npr) 3,048 3.208 3.214 3.216
28 | 4 0.0318 0.00877 G.00785 0. 00651
29 | Nge 1,880 4,290 4,250 h,260

= -
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TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued

Item Run 124 125 126 127 128
1 |We 6,000 1,050 1,049 1,050 1,051
2 |tet 86.1 100.1 95.7 9k.1 85.6
3 | teo 92.5 114.9 118. 4 119.1 102.6
b |qe 23,360 9,740 14,930 16,420 10,970
5 |Wg 26.26 11.19 16. 57 18.21 12.02
6 |P 2¢.8 26.6 27.0 26.7 26.8
T | tg 243.9 243.5 244.3 2h3.7 243.9
8 heg 949.6 949.9 949.3 949.7 9L49. 6
9 |ag 670 670 660 660

10 |qgc 24,250 9,960 15,060 16,640 10,760
11 Deviation in heat balance
(asc - 9c)(100) fage, percent| 3.7 2.2 0.9 1.3 -2.0
12 | Temperatures
A-1 140.5 194.0 187.7 183.0 188.6
A=2 138.2 191.1 185.0 180.5 185.4
A-3 1k1.1 194.7 187.7 18.8 189.5
A-L 142.3 194.9 188.1 183.6 189.5
B-1 160.5 219.2 203.7 195.3 216.7
B-2 161.8 219.9 201.7 194.9 217.9
B-3 161.2 219.2 201.0 195.1 216.9
B-k 160.2 219.7 202.1 195.6 217.2
c-1 178.9 227.5 208.4 202.5 224.2
c-2 179.6 225.0 208.9 203.2 224.2
c-3 181.9 227.7 208.8 203.2 224.8
C-h 184.6 229.2 210.0 20L4. 6 22h. 6
D-1 183.9 220.5 209.7 205.2 218.1
D-2 :183.6 219.7 209.3 204.6 218.5
D-3 187.0 219.7 211.5 206.2 219.4
D-4 183.2 217.9 208.4 20k.6 216.9
12 | &y 166.8 215.0 202.0 196.6 212.1
1k | qav/Ao 48,300 19,980 30,430 23,5320 22,030
15 | oty k.32 1.8 2. 71 3,2 1.98
16 1/hd
17 | Atg
18 |tyg 162.5 213.2 199. 193.6 210.1
19 | tq4(top) 180.1 225.6 207.0 202.2 222.5
20 | Py 37.3 h6 5 24.3 18.8 50. 4
21 tbp 19%.9 206.8 172.5 159.8 211.7
22 | tca 8.3 107.5 107.0 106.6 94.1
23 |k, 649 186.0 323.7 378.L 186.=
2L |G 886,000 155,100 155,000 155,100 55,200
25 |v =.06 0.896 0.896 0.89L o
0.14
26 C > 0.931 0.912 0.921 0.92L 0.901 l
27 g 2.376 3.208 3.212 3.216 3.328 !
28 0.00378 | 0.00559 | 0.00990 | o.01162 | ©.00.87 |
29 | Nge 21,430 L,300 4,280 4,270 3,900
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TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Ttem Run 129 130 131 132 133
1 Wc 11050 2 960 2,95“‘ 2:975 2 960
2 | tey 95.0 91+ 8 95.2 95.5 95 4
3 | teo 123.1 103.6 10k.0 104.2 1oh 9
b |aqc 18,530 16,100 16,080 16,080 17,260
5 |Wg 20. 44 18! 35 18. 34 18.12 19.41
6 | P 29.2 26.8 27.1 26.5 26.4
7 | tg 218.8 243.9 2Lk. 6 243.3 2h3.0
8 [heg 946.3 949.6 949.2 950. 0 950.1
9 |qp 650 680 650 60 640
10 | age 18,660 16,740 16,750 16,580 17,780
1 Deviation in heat balance
(agc - 2¢)(100) fag., percent| 0.7 3.8 4.0 3.1 2.9
12 | Temperatures
A-1 182.3 165.9 166.8 166.1 165.6
A-2 180.0 162.7 163.8 163.4 ie.s
A-L 18.7 167 L 168.3 167.7 167.0
B-1 193.1 191.5 192.6 191.8 190.6
B-2 193.1 193.3 19k.0 193.3 192.2
B-3 193.1 192.0 193.1 192.2 191.5
B-L 194.0 192.4 193.5 192.6 191.8
c-1 201.0 206.2 207.0 205.7 199.9
c-2 201.6 207.5 208. 4 207.3 199. 6
c-3 201.6 207.7 208. 4 207.3 202.1
c-h 203.4 208.2 209.5 208.8 203.2
D-1 204.1 203.7 205.7 203.9 199.6
D~2 203. 4 204. 4 205.9 20k. 4 199.0
D-3 205.7 206.1 207.7 206.1 200.8
D-4 202.6 202.8 205.0 203.5 198.1
13 195.2 192.4 193.6 192.6 189.4
14 | qav/Ao 37,730 33,310 33,310 33,120 35,540
15 | Aty 3.39 2.99 2.99 2.97 3.19
16 | 1/hg
17 | &otg
18 | tyg 151.8 189.4 190. 6 189.6 186.2
19 | t11(top) 200.6 204. 4 205.3 204.3 199.0
20 | Py 16.4 28.8 33.8 23.7 17.8
21 top 153.1 181.3 189.6 171.2 157.0
22 | tcam 109.0 99.2 99.6 99.8 100.2
23 | he 448 363.3 360.0 362.7 406
24 g 155,200 | 437,000 436,000 h39 000 437,000
25 | v N 0.897 2.51 2.50 2.52 2.51
0.1
26 G—“’) 0.928 0.920 0.920 0.921 0.924
8
27 gnh)zh 3.195 3.280 3.278 3.276 3.271
28 ' 0.01368 | 0.00405 | 0.00k02 | 0.00402 | 0.004%53
29 | Npe 4,350 11,380 11,400 11,500 11,490




NACA TN No. 1498 47
TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Continued
Ttem Run 134 135 136 137 138
1 |We 2,952 2,980 2,961 6,000 5,520
2 |toy 97.2 9.1 91 T 88.6 112.8
3 | teo 108.0 107.2 106.3 95.0 118.6
b |ag 19,810 24,220 26,790 23,400 20,250
5 |Wg 22.81 27.40 31.06 26.23 22.65
6 |P 33-3 Lh.7 55.4 26.7 27.0
T | tg 256. 4 274.0 207.5 24347 24,3
8 |neg 941.2 928.9 919.3 9k9. 7T 9L9.3
9 |q 750 840 930 660 660
10 |dge 20,T20 24,560 27,4810 24,250 20,820
11 | Deviation in heat balence
(dge = 2c)(100) /age, Dpercent | k.k 1.% 3.0 3.5 2.7
12 | Temperatures
A=1 172.2 176.2 179.4 is2.7 160.7
A=3 173.3 177-3 180 1 1k2.9 160.7
A-b 17k.2 178.2 181.2 1kh.1 162.0
B-1 199.0 202.6 200.5 162.3 176.9
B-2 199.9 202.6 201.2 163.4 177.8
3-3 199-0 201-7 20208 1&09 177'1
B-L 199.8 201.7 201.4 163.8 177-8
c-1 205:2 204.6 206.6 180.7 190.6
c-2 202.5 206.1 208.2 181.2 191.3
c-3 202.6 206.2 207.7 182.8 192.%
C-4 207.3 205.1 210.9 186.4 194.0
D-1 205.9 210.4 213.1 185.5 196.0
D-3 207.5 212.7 215 8 189.1 199.0
D=L 204.6 209.1 211.8 184.5 i9h.7
13 | ty 195.3 198.8 200.6 168.6 181.6
14 | qay/80 41,100 49,470 55,200 48,320 41,660
15 | AL, 3.69 b bk 4.96 4.32 3. 74
16 | 1/hg
17 | &tg
18 | ty4 191.6 19k. 4 195.6 16:+.3 177.9
19 | t15(top) 202.1 206.1 £08.3 14.9 192.6
20 Ipy 18.9 19.1 19.0 37.8 27.9
21 | tpp 160.0 160.5 160.2 195.5 179.6
22 | tea 102.6 100.6 99.0 61.8 115.7
23 | b, 455 519 561 655 659
2F |o 436,000 440,000 438,000 886,000 815,000
25 |V 2.51 2.53 2.51 5.06 4.73
0.1k
26 G"-!> 0.922 0.918 0.916 0.932 0.945
a .
27 @rr)a/ 3 3.250 3.268 3.28 3.351 3.143
28 | 3 0.00502 0.00571 .| 0.008624 0.00378 0.00378
29 | By 11,660 11,600 11,410 21,850 23,9%0
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TABLE II.- SUMMARY OF METHANOL DATA AND RESULTS - Concluded
Item Run 139 140 141 142 143 14k
1 | Ve 5,520 5,520 5,485 5,485 5,520 2,965
2 | tey 113.2 113.2 113.8 114.7 115.0 91. 9
3 | teo 118.8 119.3 120. 6 122.5 12k.o 109.6
b4 | qe 19,610 21,500 23,820 27,200 31,750 32,570
5 | wg 22.65 24. 8 27.27 30.86 37.10 38.40
6 |l p 26.9 3Lk.5 2.9 56.0 83.0 83.0
7 §tg 244.3 258.2 271.€ 2g8.2 31%.6 314. 6
8 heg 949.3 939.8 929.3 918.8 89.1 €99.1
9 |9 660 750 840 9ko 1,170 1,170
10 | qg¢ 20,80 22,600 2k,500 27,420 32,150 33,340
11 | Deviation in heat balance
(3gc - 2c)(100) /qg.s percent| 5.8 k.9 2.8 0.8 1.2 2.3
12 | Temperatures
A-L 160.9 165.0 169.9 175.5 183.4 186.6
A-2 158.9 162.5 167.7 172.6 180.7 183:8
A-3 161.1 165.2 170.2 175.5 183.9 186.6
A-L 162.0 166. 3 171.5 177.0 185.4 188. 4
B-1 AT7.1 182.3 188.6 195.4 205.2 199.8
B-2 118.3 183.9 190.0 196.5 206.6 200.2
B-3 1T77.4 183.2 189.1 195.7 205.7 200.0
B-4 178.0 183.9 190.0 196.2 206. 6 201.6
c-1 190.9 198.3 205.5 210-0 215.2 209.7
c-2 191.7 199.6 207.0 211.1 216.9 214.3
c-3 192.6 200.1 207.7 211.8 218.2 212.2
c-4 194.9 202.6 210.2 21k.7 219.6 215.1
D-1 195.8 204. 4 212.7 216.9 22k.6 220.2
D-2 195.4 204. 4 212.7 216.1 223.2 218.7
D-3 199.0 207.5 215.4 219.6 227.3 223.6
D=4 194.5 203.7 211.1 215.2 221.9 219.5
12 |ty 181.8 188.3 195.0 200.0 207.8 205.0
1k qa‘../A k1,020 L4, 800 49,000 55,400 64,800 66,900
15 3.68 1+.02 L.ho 4.97. 5.83 6.0L
16 1/ﬁ(1
17 | Aty
18 | ty4 178.1 184.3 190.6 195.0 202.0 199.0
19 | ty4(top) 192.5 201.0 208.6 212.0 218. % 214.5
20 | Py 23.0 23.1 23.3 23.1 23.1 19.2
21 | tpp 169.7 170.0 170.3 170.0 170.0 160.7
22 | togm 116.0 116.2 117.2 118.6 119.5 100.8
23 | hy 650 646 658 T1h 171 670
2y o 815,000 815,000 810,000 810,000 815,000 438,000
25 | v 4.73 h.73 k.71 L.T71 k.74 2.%2
0.1k
26 (E‘D 0.945 0.9L40 0.936 0.93k 0.930 0.915
27 ?p,)zh 3.140 3.138 3.130 3.121 3.114 3.266
28 : 0.00374 0.00368 0.0037k 0.00403 0.00430 0.00739
29 | Rpe 2L,000 24,100 2L,0Lo 24,280 24,570 11,570
~_NACA -
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TABLE III.~ SUMMARY OF DATA AND RESULTS; METHANOL WITH ENTRAINED AIR
Ttem Run 145 1454 145B 1L5C 146
1 Wc 5:520 5:505 5:520 5:500 2)572
2 | teq 93.2 93.6 93.7 93.7 83.1
3 | teo 98.L 98.9 99.2 99.1, 91.54
L |qe 17,680 18,050 18,770 18,360 12,600
5 | Wg 18.97 19.79 19.97 20.56 13.7h
6 |® 14.9 1k.9 15.0 14.9 1k.9
7 | te 212.7 212.7 213.0 212.7 212.7
8 | hrg 969.6 969.6 969.6 969.6 969.7
9 |q 540 5k0 540 5k0° 550
10 | q 17,840 18,660 18,800 19,380 12,770
1 Devietion in heat balance
(agec - 2c)(100) fag., percent| 0.9 3.3 0.2 5.3 1.3
12 | Temperatures
A-1 137.3 127.8 137.0 136.% 149.2
A-2 135.5 135.7 135.5 134.6 146.8
A=-3 137.3 137.9 137.2 136.4h 149.9
A~k 138.2 138.4 138.4 137.3 150.8
B-1 153.3 152.5 151.5 148.8 173-1
B-2 15k.6 153.8 152.1 149.2 17h.6
B-3 15k.0 153.0 151.5 149.0 173-2
B-k 15k. 4 153.7 152.1 149.5 17h.2
c-1 166.5 165.2 i6k.1 161.6 185.9
c-2 167.7 166.3 165.1 162.5 187.5
c-3 168.8 167.5 166.3 16k.3 187.2
Cc-4 170.6 169.4 168. 166.6 188.1
D-1 171.5 170.2 170.1 168.6 182.3
D-2 171.0 169.5 169.2 167.2 183.0
D-3 17h.k 173.1 172.4 170.6 184.1
D-4 172.4 170.7 170.6 168.6 182.0
12 | ty 158.0 157.2 156.4 154.5 173-3
1% | qav/fo 36,020 37,240 38,100 38,300 25,730
15 | Aty 3.22 3.33 .41 3.42 2.20
16 | 1/hg
17T Atd
18 | t14 154.8 153.9 153.0 isi.1 171.0
19 | ty1(%top) 169.1 167.6 167.2 165.4 184.9
20 | By 23.2 23.2 23.6 2h. 4 27.0
21 | tpp 170.2 170.2 171.0 172.7 177.9
22 | tca 95.8 96.2 96.4 96.4 &1.h
23 | he 600 63k 661 .| 688 302.8
24k |G 815,000 813,000 816,000 813,000 380,000
25 | v 4.67 L.66 4,68 L.66 2.16
L0+ 18
26 (CD 0.94k 0-945 0.946 0.948 0.923
27 | (p2) 2/3 3.312 3.308 3.307 3.307 3.396
28 |4 0.00376 0.00397 0.00111 0.00431 0.00k11
29 | Nge 20,700 20,750 20,850 20,780 9,050
30 a o 0.1547 0.L46h4 1.258 o}
31 {Qq 0 1.678 k.92 12.8 0
32 | Afr, percent o] 1.46 L.16 10.16 0
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TABLE IIT.- SUMMARY OF DATA AND RESULTS; METHANOL WITH ERTRAINED ATR - Continued

Ttem Run 1L6A 1468 1ké6c 47 14TA
1| we 2,586 2,564 «2,357 1,037 1,037
2 |ty 83 2 8.k 8.9 73.8 Th.3
3 | teo 92.1 92.3 93.5 86.9 8.7
b | ag 13,180 15,380 16,410 8,140 9,610
5 | Wg 14.92 16.45 17.95% 8.88 10.60
6 | P 14.9 15.0 14.9 15.1 14.9
7 | ts 212.7 213.0 212.7 213.4 212.7
8 heg 969.7 969.5 969.6 969.4 S69.7
9 |ag 540 550 540 540 530

10 | q 13,930 15,400 164860 8,070 9,750
11 Deviation in heat bealance
(agc = 2c)(200) /agc, percent| 5.3 0.1 2.5 -0.8 1.4
12 | Temperatures R
A-1 1L7.7 1kh.0 141.6 165.2 155.7
A=3 1%7.6 14%.0 142.0 166.1 156.7
A-h 148.6 145. 4 1k2.9 166.1 157.5
B-1 170.1 162.9 157.5 190.6 184.5
B-2 170.3 163.8 157.9 191.8 187.2
B-3 169.7 163. 4 15%.3 190.9 185.9
B-Lk 170.4 164.5 158.0 161.2 185.8
c-1 181.9 177.3 172.2 - 202.3 195.4
c-2 182.5 178.7 iT2.4 203.0 198.1
c-3 183.1 179-2 173.3 202.6 197.1
c-L 184.3 18.0 175.3 203.0 197.1
D-1 180.6 179.1 2742 195.8 190.2
p-2 180.6 179.2 173.7 196.9 194.0
D-3 182.7 181.6 176.7 196.5 193.5
D-4 181.3 180.3 175.6 195.3 190.6
13 |ty 170.4 166.6 161.8 188.7 182.7
15 | Aty 2.46 2.79 3.02 1. k’r 1.76
16 | 1/h4
17 A‘bd
18 [ ty4 167.9 163.8 158.8 187.2 1.80.9
19 tu(top) 180.5 177.2 172.0 201.2 195.1
20 | Py 27.0 27.2 27.2 39.5 39.8
21 t"bp 177.9 178.2 178.2 197.9 198.3
22 | tea 87.6 87.4 88.2 80. 4 &.0
23 hc 337.4 401 470 151.4 195.2
24 382,300 379,200 378,000 153,200 153,200
25 X 2.18 2.16 2.16 0.869 0.870
0.1
26 (h) 0.925 0.928 0.933 0.902 0.910
2/3 :
27 @Pr) /3 3.393 3.396 3.387 3.470 3.452
28 | 4 0.00455 0.00549 0.00649 0. 00515 0.00665
29 | Npe 9,130 9,030 9,060 3,462 3,504
30 | Wg 0.1552 0. h66 1.470 0 0.0965
32 | Qg 1.330 3.96 12.48 0 0.523
32 | Alr, percent 2.46 6.99 19.22 0 2.1
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TABLE III.- SUMMARY OF DATA AND RESULTS; METHANCL WITE ENTRAINED AIR - Continued

Ttem Run 147B 148 148a 1488 148¢C
1 (W, 1,048 5,471 5,330 5,370 5,340
2 | tei 75.8 113.4 "112.5 11k.3 11k.2
3 | %0 9L. 4 122.6 123.1 123.8 123.7
L Jaqg 11,80 32,170 32, 600 32,4%0 32,360
5 |Ws 12.39 36.90 37.00 37.80 37-90
6 |P 1k.9 83.1 83.0 83.0 83.0
T | ts 212.7 31k 7 31L.6 31k.6 314.6
8 |hpg - 969.6 899.1 899.1 899.1 899.1
9 |aqg 520 1,130 1,120 1,110 1,110

10 q 11,490 32,050 32,10 32,890 32,970
11 | Deviation in heat baleance
(agc = 2¢)(100) /ag., vpercent| -3.5 -0.k -1.Lk 1.k 1.9
12 | Temperatures
A-1 153.2 184.1 183.3 183.4 181i.4
A-2 151.8 181.% 180.3 180.7 178.3
A-3 15k. 6 184k.5 184.0 183.4 18.4
A=k 155.1 185.0 185.6 185.2 183.2
B-1 177.0 206.6 205.0 201.9 197.2
B-2 181.2 20T.0 205.9 202.1 197.2
B-3 179.4 206. 4 205.0 201.6 196.9
B-L 179.8 207.7 206.3 203.0 197.8
c-1 186.2 218.8 218.7 217.6 216.4
c-2 189.0 220.6 220.6 219.0 217.L
c-3 188.4 220.8 220.8 2319.2 217.6
c-4 189.1 223.5 224.1 222.8 221.4
D-1 184.8 228.2 228.6 227.7 227.5
p-2 186.4 226.9 227.3 226.5 22%.7
D-3 188.5 230.9 231.8 230.7 230.0
D~k 187.6 225.1 225.9 225.4 224. 8
13 |ty 17%.5 209.9 209.6 208.2 205.9
1k | qg, /Ao 23,720 65,100 65,660 66,250 66,250
15 |2t 2.13 5.86 5.96 5.95 5.95
16 |1/hg
17 |aty
18 |ty i72.4 20k.0 202.6 202.2 199.9
19 | tq4(top) 184.7 e21.9 222,54 221.6 221.0
20 | Py Lo.2 23.3 23.3 23.3"° 23.9
21 |ty 198.8 170.L 170. % 170.4 171.7
22 | teq 85.1 118.0 118.3 119.0 119.0
23 | he 267.8 45 759 783 ecs
2y |e¢ 155,000 808 ooo 787,000 T9%,000 789 co0
25 |V 0.882 69 4.58 4,62 1:.59
0.1%
26 G.x;) 0.919 0.927 0.528 0.929 0.931

27 g‘m-)z/ 3 3.418 3.125 3.122 3.118 3.118

28 0.00895 0. 00420 0.00L37 0.00449 0.00465

29 | Nre 3,632 2k,120 23,570 23,880 23,720

20 |Wg 0.3488 0 0.1L468 0. 476 1.197
3L 1Qe 1.898 0 1.9%8 6.38 15.39
32 | Air, percent 8.13 ¢] 1.72h4 5.36 12.08
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TARIE III.- SUMMARY OF DATA AND RESULTS; METEANOL WITH ENTRAINED AIR - Continued
Item Run 149 1L9A 149B 149C 150
1 |, 2,761 2,74 2,16 2,752 954
2 | toy 92.3 2.7 g2.1 91.0 103.0
3 | teo 110.3 110.8 110.2 109.6 125.3
b | qe 30,370 31,030 30,980 31,730 13,470
5 | We 36. 69 36. 89 37.01 37.68 1k,83
6 | 83.1 83.1 83.1 8.6 26.8
T | te 31k4.7 31k.7 31%.7 314.2 243.9
8 | brg 899.0 899.0 899.0 899. 4 949.5
9 [ag 1,150 1,140 1,130 1,1%0 680
10 | q 31,830 32,020 32,140 32,750 13,k00
11 Deviation in heat balance
(asc - 2¢)(100)/age, vercent| 4.6 3.1 3.6 3.1 -0.5
12 | Temperatures
A-1 191.8 190.8 186.4 182.1 191.3
A-2 187.9 186.6 182.3 178.9 189.1
A-3 i92.4 190.6 185.9 18.5 191.5
A-k 193.3 192.2 188.4 185.0 1%2.0
B-~1 208. 4 207.6 205.7 2¢2.0 205.3
B-2 208.0 206.7 205.2 202.1 205.3
B-3 207.3 206.5 20h4.7 201.6 205.0
B-4 208.9 208.0 206.6 203.7 205.G
c-2 221.9 22).5 220.8 219.7 214.3
c-3 221.5 221.5 221.0 219.9 214.7
C-k 224.6 224.6 224.2 223.7 215.8
D-1 228.9 229.1 228.7 228.2 215.4
D-2 227.8 227.8 227.3 226.9 216.0
D-3 231.8 232.2 232.0 231.1 217.4
D~ 226.4 226.6 226.4 225.7 215.1_
13 | ty 212.6 212.1 210.4 208.2 206.8
4 | gay/Bo 63,100 64,000 64,000 65,400 27,270
15 | Aty 5.67 5.76 5.T5 5.87 2.43
16 | 1/hg
1T | &ty
18 | t14 206.9 206.3 204k.6 202.3 204.4
19 | t1(top) 223.0 223.1 222.8 222.1 212.6
20 | np 23.8 24.6 24,7 24.2 24. 4
21 | ¢ 171. L 173.1 173.4 172.3 172.7
22 | tJ2 101.3 101.8 101.2 100.3 114.2
23 | a¢ 588 607 608 630 298.5
2k | ¢ . 408,000 408,000 408,000 L0o7,000 140,900
25 | v y 2.35 2.35 2.35 2.34 0.81’.'
0.1
26 G—D 0.910 0.911 0.912 0.912 0.924
27 ?&)2/3 3.260 3.257 2.262 3,270 3.15L
28 0.00690 | 0.00706 | ©0.00716 | 0.00745 | 0.00975
29 | KRe 10,820 10,860 10,810 10,710 4,100
30 | Wa o] 0.1577 0.463 1.258 0
31 | Qa o} 1.656 4.8 13.60 0
32 | Air, percent 0 2.82 7.78 19.3 (o}
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TABLE III.- SUMMARY OF DATA AND RESULTS; METHANOL WITE ERTRAINED AIR' - Concluded

Ttem Run 1504 150B
1 We 960 947
2 te1 10191 98.8
3 teo 12h.7 12k.0
i dc 14,310 15,060
5 Vg 15.70 17.24
6 P 27.1 26.9
8 heg 9Lg.2 949.kL
9 qaz, 670 680
10 4 1L,230 15,690
11 Deviation in heat balance
(q:c = qG) (100) /qsc, Percent -Q. 6 -h4.1
12 Temperaturen
A.-l l&- 3 179- 6
A-2 180.5 178.0
A-3 183.2 180.5
A-h 184.3 181. 4
B-1 203.5 198.5
B-2 20k. 6 201.2
B-3 20k.1 199.9
B~k 204.8 200.5
c-1 211.8 207.0
c-2 213.8 209.8
c-3 213.8 209.3
Cc-h 214.5 210.0
D=1 212.5 208. 4
D-2 214.7 210.2
D-3 216.3 212.2
D-L 212.5 208.0
13 ty 203.6 199.7
1k Lav/Ro 28,90 31,200
15 At 2.60 2.80
16 1/hg .
17 A’td
18 14 201.0 196.9
19 t11(top) 211.4 206.9
20 Py 24. 4 25.3
21 tbp 172.7 174.6
22 tca 112.9 111. 4
23 he 323. 6 359-0
2L e 143,800 139,800
25 v 0.821 0.80
0-1}4-
26 @ 0.925 0.927
27 @@2/3 3.165 3.178
28 3 0.01059 0.01202
29 Nge 4,080 2,992
30 W, 0.0832 0.2892
31 Qa 0.974 3.19
32 Air, percent 4. 64 13.92
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TABLE IV.- PHYSICAL PROPERTIES OF METHANOL
Temperature
(OCfe o) " c X @Pr>2/3 0 - .
0 32 11.955 |]0-559 | 0.1307 k.120 50.58 0.00 | 0.56
10 50 |1.670 575 .1270 3.852 49.99 | 10.2k | 1.06
20 68 |1.438 . 590 <1234 3. 61k 49.40 | 20.72 | 1.85
30 86 [1.2u6 | .605 | .1197 3.411 | 48.81 | 31.47 | 3.13
Lo 104 {1.088 . 622 1161 2.2%0 48.23 | ¥2.52 | 5.09
50 122 |0.957 . 640 .1125 3.095 47.64 | 53.90 | 7.94
6 | 1Lo 845 . 660 .1088 2.973 | 47.05 | 65.63 |12.23
T0 158 .T52 . 683 .1052 2.8718 L6.46 | TT-74 |18.15
8o 176 674 . 707 .1015 2. 804 45.87 | 90.26 |26.04
90 | 194 | .607 | .T31 -0979 2.740 | 45.29 |110.20 |36.68
100 | 212 .549 LT5T . 0943 2.65 44.70 [116.60 |50.60
110 230 69.20
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Figure 1.- Heat exchanger (unlagged).
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Figure 2.- Heat exchanger (disassembled).
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View of test rig (unlagged).

Figure 3.-
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Figure 16.- Predicted metal temperature against coolant velocity.

Heat flux, 100,000 Btu/(hr)(sq ft); temperature, 190° F; coolant,

water.
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